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Abstract 
 
Winter pavement overload permits and spring load restrictions are 
important to maximize pavement life.   In cold regions freeze and thaw conditions 
have a great effect on the bearing capacity of asphalt concrete (AC) pavement 
and its sublayers.  Studying AC surface deflections from falling weight 
deflectometer (FWD) tests assists in determining the condition of the surface, 
base, and subgrade layers of a pavement system.   FWD test results are taken 
from the LTPP Information Management System (IMS).  FWD data deflection 
basin indices can be calculated to analyze AC pavement at different seasonal 
conditions.  This data will aid in determining times when load permits and 
restrictions should be applied.     
 
Seasonal effects on AC pavements significantly affect the strength of the 
AC sublayers. In freezing temperatures the AC pavement and its sublayers 
become much stronger, where overload permits can be granted.  However, when 
the system thaws the layers become extremely weak.  Pavement is subject to 
damage and FWD tests show significant increases in surface deflection.  When 
this happens spring load restrictions should be utilized to preserve the pavement.  
An in depth study of FWD data can be used to recommend the best times to 
enforce winter overload permits and spring load restrictions.  Using the BISAR 
computer program, AC pavement can be modeled to represent FWD behavior at 
various times during the year.  BISAR is a layered, linear elastic modeling 
program that can be used to redevelop asphalt concrete conditions at FWD 
 iv 
 
 
testing periods.  Assumed base and subgrade modulus values will be used for 
the frozen and thawed AC conditions.  Mid depth temperature verses modulus 
relationships obtained from the LTPP database will be used to model the AC 
layers.  This information will also be used to represent AC condition at a given 
seasonal time to predict times where overload permits and load restrictions will 
be enforced.  Pavement systems modeled from FWD data and BISAR can be 
used to successfully to accomplish determining winter increases and spring 
restrictions. 
 v 
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Chapter 1 Introduction 
1.1 Purpose 
Freezing and thawing temperatures greatly affect asphalt concrete 
pavement life and serviceability.  Asphalt concrete (AC) pavements generally 
gain strength in the winter and weaken in the spring. Because of this, many state 
and local agencies take measures to protect pavement from further damage by 
enforcing spring load restrictions, and take advantage of winter strength gains by 
allowing winter overload permits.  In order to do this, a complete analysis must 
be done to implement these restrictions effectively without hindering the lifestyles 
and local economy.  Obviously timing of the spring thaw is a very important 
aspect of this study.    
Winter pavement overload permits and spring load restrictions are 
important to maximize pavement life.  In cold regions, freezing and thawing 
conditions have a great effect on the bearing capacity of asphalt concrete (AC) 
pavement and its subsurface layers.  When pavement freezes it stiffens and 
becomes extremely sound and strong. Thawing has a totally opposite effect. 
When pavement thaws, the pavement strength decreases significantly due to 
excess moisture in the base and subgrade.   
This study will focus on analyzing and determining pavement behavior 
during all the various conditions that exist over a period of a year.  Bearing 
capacity during freeze/thaw periods is important. However, year-round data is 
also important because freeze/thaw conditions can be accurately analyzed and 
compared to conditions where temperature is constant or where changes are not 
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detrimental to the pavement.  Year-round data is also important so that 
restrictions and permits can be granted at the correct period of time without 
subjecting pavement to more damage.  Pavement surface deflections are 
commonly used to characterize pavement behavior.   
This study will use Falling Weight Deflectometer (FWD) deflection data to 
observe seasonal changes in pavement response, and the BISAR layered elastic 
computer program to model these seasonal changes in asphalt pavement 
condition.  Deflection data from these two procedures will be analyzed to develop 
winter load increases (WLI) and spring load restrictions (SLR).  
1.2 Asphalt Concrete Pavement Behavior in Freeze/Thaw Conditions 
Freezing temperatures greatly strengthen asphalt pavement.  At low 
temperature, the modulus of the AC increases and when frozen, the pavement 
base and subgrade can become very stiff.  Under these conditions the pavement 
strength is suitable to support heavier loads and winter load increases can be 
implemented.  However frost heave or rising of the pavement surface can be a 
major problem with some subgrade soils.  Even though the pavement is 
significantly stronger this aspect does cause problems within the pavement. 
Thawing has the opposite effect on pavement. Thawing of asphalt 
pavement adds and traps moisture within the pavement subsurface.  Added 
moisture makes the base and subgrade less stiff.  The breakdown in stiffness of 
the subsurface layers during spring thaw decreases the bearing capacity. High 
traffic loads on pavement during this time can seriously damage the pavement 
and decrease pavement life and service.  After spring thaw is complete the AC 
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pavement begins to recover strength and bearing capacity.  During this recovery 
period base and subsurface moisture returns to early summer conditions where 
considerable loads are not as detrimental as in the spring thaw period.  The 
recovery period may be short depending on temperature and other climatic 
conditions, as well as the properties of the subgrade and base.   
1.3 Use of Long Term Pavement Performance Data 
Data for this analysis is taken from the Long-Term Pavement Performance 
(LTPP) Information Management Systems (IMS) database.  This database 
contains Falling Weight Deflectometer test deflections, temperature data, frost 
penetration, subsurface moisture contents, and other asphalt concrete 
parameters for sites managed within the Long-Term Pavement Performance 
program.  The LTPP program was designed to improve and lengthen pavement 
life through management options.  It uses a Falling Weight Deflectometer tests to 
measure surface deflections in effort to determine bearing capacity and material 
properties, that in turn aid in pavement management.  Temperature monitoring 
and frost depth measurements are also utilized at some sites in order to 
characterize seasonal pavement behavior and strength. 
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Chapter 2 Literature Review 
2.1 Long-Term Pavement Performance (LTPP) Program 
Long Term Pavement Performance (LTPP) program was formed under 
the Strategic Highway Research Program (SHRP), which began in 1987. It is 
now operated under Federal Highway Administration (FHWA), where its goal is 
to improve pavement prediction and design models.  It utilizes Falling Weight 
Deflectometer (FWD) tests as a pavement management tool to measure 
pavement surface deflections at known load magnitudes. Certain testing 
procedures are implemented to sites within the Seasonal Monitoring Program 
(SMP) of the LTPP program.  They are studied to recognize seasonal changes in 
pavement sections.   This program monitors seasonal changes at some sites by 
recording frost depth, air temperature, moisture content, and subsurface 
temperatures of asphalt concrete pavements.  Data from these sites will be 
beneficial throughout this analysis in developing winter load increases and spring 
restrictions. (LTTP, 2000) 
The Long Term Pavement Performance (LTPP) study is the largest 
pavement study conducted since the AASHO Road Test, which began in the 
early 1960s. Its large data collection system has been conducted since 1989.  
The LTPP collects data on inventory, material testing, monitoring, climate, traffic, 
maintenance, rehabilitation, and seasonal testing (Data Pave 3.0). All of this data 
is stored in the Long-Term Pavement Performance’s Information Management 
System (IMS).  LTPP’s data collection is an ongoing process that will make the 
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IMS the largest pavement performance database by the time it is completed 
(Data Pave 3.0). 
2.1.1 Pavement Management 
Successful pavement performance depends on good design practice or 
procedures.  Its also depends on construction, maintenance, and rehabilitation 
methods. All these factors are considered in pavement management.  Planning, 
also considered in design, is an additional factor considered within pavement 
management.   
The process of considering all these factors in pavement management 
has been modified over the years (Haas et al., 1994). With the use of computers, 
data can be stored and can be analyzed in order to determine the need for 
maintenance and rehabilitation.  Since this managing process entails so many 
concepts, the use of computers is beneficial.  The Data Pave software was 
developed to provide user-friendly way of utilizing LTPP data in order to 
accommodate this need.  
2.1.2 Testing Sites 
Site-specific data is collected for each test site and stored within the IMS 
database.  Sites within the LTPP program exist between two experiments: 
General Pavement Studies (GPS) and Special Pavement Studies (SPS).  The 
GPS experiment consists of 800 in-service pavement sections in their initial state 
or with only one overlay (LTPP, 2000 and Data Pave 3.0). The SPS experiments 
consist of 1,700 in-service pavement sections where the studies are conducted 
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on sites where GPS objectives can’t be met (LTPP, 2000). Test sections are 
located in the United States and Canada.  
Testing sites within the Long-Term Pavement Performance program are 
characterized by seasonal behavior according to climatic region. The four 
climatic regions are wet-freeze, dry-freeze, wet-no freeze, and dry-no freeze. A 
wet region has an average annual rainfall of over 20 inches (508 mm).  A freeze 
region has an average freezing index over 83.3 degree Celsius days.  Freezing 
index is defined as the cumulative number of degree-days below 0 degrees 
Celsius for a given time period. (Data Pave 3.0) 
2.2 Seasonal Monitoring Program (SMP) 
The Seasonal Monitoring Program is an additional program created under 
the LTPP program to monitor seasonal changes in pavement systems.  The SMP 
program monitors daily and yearly temperature and moisture changes within the 
pavement subsurface. It also uses Falling Weight Deflectometer equipment to 
measure pavement response to loads. 
There were 64 sites selected from the GPS and SPS studies to be 
implemented under the Seasonal Monitoring Program (Data Pave 3.0).  These 
sites are periodically monitored for seasonal changes.  Seasonal data collected 
includes subsurface moisture changes, subsurface temperature changes, 
frost/thaw depth, groundwater table location, air temperature, and precipitation. 
Deflection data, site profiles, and distress data is also collected using LTPP 
standards and specifications.  Some devices used in testing include thermistors 
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probes, time domain reflectometry probes (TDR), piezometers, and air 
temperature probes.   
This study utilizes the sixteen frozen sites and six random non-frozen sites 
from the Seasonal Monitoring Program.  These frozen and non-frozen sites are 
listed in Appendix A.  A freeze region is characterized as a region or site that has 
an average freezing index over 83.3 degree Celsius days (DataPave 3.0).  Data 
was extracted from each site based on the deflection data from the middle of the 
traffic lane and from the FWD test performed closest to the instrumentation core 
hole. For each FWD test conducted the drop height producing a contact pressure 
closest to 550 kPa (80 psi) was used, which is for a stress level corresponding to 
that often considered in pavement design.  
Only the asphalt concrete pavement sites within this program will be used 
throughout this study.  Surface deflection data, frost/thaw penetration, and 
asphalt surface temperature will be used to develop behavior of pavement 
throughout the year. 
2.3 SMP Pavement Management and Monitoring Methods 
Pavement management includes all processes involved in providing and 
maintaining pavement at an adequate level of service.  These processes include 
initial construction, rehabilitation, planning, etc.  Pavement management also 
incorporates maintenance at various levels and stages within pavement life.  A 
total pavement management system includes a complete set of tests and 
activities involved in maintaining an adequate full service pavement by the most 
economical means (Haas et al., 1994).   
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Pavement management methods consist of any method or procedure 
used to monitor pavement condition.  Some monitoring techniques consist of 
frost depth measurement; subsurface, surface and air temperature 
measurement; moisture content monitoring and deflection testing.  In some 
instances rainfall data is collected. This section will discuss Falling Weight 
Deflectometer testing as a method of monitoring asphalt pavement in order to 
characterize pavement condition.    
2.3.1 Falling Weight Deflectometer Tests 
Falling Weight Deflectometer (FWD) surface deflections are used to aid in 
determining asphalt pavement condition in areas where freezing and thawing are 
critical to pavement.  Sections of the SMP sites monitored for seasonal effects 
are tested monthly during the seasonal monitoring period (Data Pave 3.0). An 
additional test is specified during the anticipated thaw-weakening period.  Falling 
Weight Deflectometer data from the LTPP database will be analyzed to 
determine the seasonal variations of pavement-bearing capacity, with emphasis 
on winter freeze and spring thaw conditions.  Although the FWD data is typically 
used to backcalculate pavement moduli, deflection basin indices can easily be 
calculated from surface deflection data. No significant seasonal variation of 
backcalculated moduli was observed in asphalt concrete sites (Drumm and 
Meier, 2003).  Therefore rather than using moduli backcalculation methods, using 
FWD deflection basins directly is simpler for agencies to implement.   From 
chosen indices, subsurface condition will be analyzed for weakness or strength 
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and used to establish critical periods for asphalt concrete pavement sites. Falling 
Weight Deflectometer (FWD) tests are considered a method of pavement 
monitoring because they are used to evaluate pavement subsurface condition.  
Surface deflection response indicates pavement bearing capacity, material 
properties, and subsequent pavement performance. Falling Weight 
Deflectometer tests are considered non-destructive since they do not damage or 
disturb the pavement.  
 FWD is an impulse device, which involves a load being placed on 
pavement by dropping a known weight from a given height onto a rigid buffered 
plate and measuring deflection response at various distances from the load.  
Peak force or loads vary depending on different drop masses and varying drop 
heights, as well as the pavement properties (Haas et al., 1994).  Vertical peak 
deflections are measured at sensors located away from the plate.  Some FWD 
devices include automated pavement and air temperature sensing. 
LTPP utilizes the Dynatest 8000 FWD that produces 26.7kN to 71.2kN 
load for testing.  Set up consists of constant sensor locations where surface 
deflections are measured.  Four programmed drop heights are used and 
maintained to obtain desired loads.  LTPP FWD equipment consists of 9 
deflection sensors at radial offsets from the center of the load plate.  Some LTPP 
tests utilize only 7 sensors.  All AC pavement sections included in this study 
consist of a 7-sensor setup at distances of 0, 203, 305, 457, 610, 914, and 1524 
mm from the center of the load plate.  Dynatest FWD Edition 25 data collection 
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software is used to record deflections at all sensors. LTPP Information 
Management System database contains FWD test results. (LTTP, 2000) 
At a given FWD testing site, only a single small core sample from the 
testing site is obtained to determine layer thickness.  Testing usually involves a 
two-man crew, traffic control for the testing area, and the FWD deflection-testing 
device (Haas et al., 1994).  LTPP FWD test plans vary by pavement type and the 
different experiment types implemented under the LTPP program.  Additional test 
plans are implemented for AC pavement included in the Seasonal Monitoring 
Program. 
2.3.2 Factors Affecting FWD Measurements 
Several variables can affect or modify surface deflection results. An 
example would be instrumentation. Some variations can result from operator and 
equipment faults (LTTP, 2000).  Other factors that can affect deflection response 
include pavement cross-section variations, environmental factors, pavement 
discontinuities, and variability in pavement structure.  Environmental factors that 
affect surface deflections are seasonal temperature changes such as freezing 
and thawing.  Pavement cross-section variations include layer thickness, layer 
material type, material quality, and subgrade support. (LTPP, 2000) 
Pavement discontinuities include cracks and joints in the pavement 
surface. Also subsurface discontinuities such as voids affect deflection response 
(LTPP, 2000).  Pavement uniformity within a test section can even bring forth 
deflection variations with the same drop height and load.  Deflection variations 
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within a test site are possibly due to changes in layer thickness, material 
properties, moisture and temperature conditions, subgrade support, and contact 
pressure below the test plate (LTPP, 2000).   
2.3.3 Additional FWD Measurements 
Additional measurements often recorded during Falling Weight 
Deflectometer testing include pavement temperature gradients, pavement 
distress, and joint/crack width during the deflection process.  Joint crack 
openings are measured on rigid pavements, which are not considered within this 
study.  Severity of pavement distress also affects deflection measurements. 
Operators locate distress 0.3 meters in front of No. 8 Geophone and 0.9 meters 
from behind the load plate  (LTTP, 2000). 
Thermal temperature gradients through the AC surface layer are important 
to deflection data collection.  Automatic temperature sensors on FWD equipment 
record air and pavement surface temperature. Falling Weight Deflectometer 
equipment operators measure oil temperature at different depths during 
deflection testing to obtain the temperature gradient in the pavements.  Three 
holes of different depths are drilled in the surface layer and filled with oil to a 
height of 25mm.  Handheld temperature probes are used to measure the oil 
temperature at 1-hour intervals. (LTPP, 2000) 
At the SMP sites, thermistors are used to measure temperature 
throughout the pavement subsurface down to the subgrade.  The probes consist 
of three thermistor sensors on a 330mm long metal rod and 15 thermistors 
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encased in a long clear rod. Thermistors are thermally sensitive resistors that 
measure and note changes in temperature. Very small temperature changes 
result in large changes in resistance because of the sensitivity of the sensors.  
Thermistors only note their own temperature and not the temperature of the soil 
or pavement. To be accurate thermistor temperature should be close in range to 
the temperature of the local soil and pavement. (LTPP, 1994)   
The U. S Army Corps of Engineers Cold Regions Research and 
Engineering Lab (CRREL) developed the electrical resistivity probes in the SMP 
system to measure frost/thaw depth. Electrical resistivity of soil depends on 
porosity, degree of pore water saturation, and electrical resistivity of pore water.  
Resistivity measurements also note moisture content changes. (LTPP, 1994)  
2.4 Seasonal Effects on Asphalt Concrete Pavements 
Environmental factors that affect pavement strength include temperature 
and moisture variations that occur as a result of seasonal changes.  Freezing 
temperatures in the winter greatly increase pavement-bearing capacity. However 
spring thawing diminishes pavement strength because water becomes trapped 
within subsurface layers.  The SMP was designed to identify expected changes 
in surface deflections and pavement behavior due to temperature and moisture 
changes.  
Asphalt concrete pavement is very sensitive to seasonal as well as hourly 
temperature changes.  Temperature strongly affects asphalt concrete stiffness.  
Surface and subsurface temperatures constantly change throughout the day as 
well as over a year as seasons change.  As the surface temperature increases 
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surface deflections increase (LTPP, 2000).  Temperature increases in asphalt 
pavement affect the surface binding material, which in turn increases surface 
deflections.  Also temperature changes with depth influence subsurface layer 
stresses within asphalt concrete pavement.  Throughout a given year, 
temperature variations occur and affect the surface deflections and asphalt 
pavement behavior.   
Moisture changes occur more slowly and have a significant effect on the 
structure of the pavement, which in turn affects deflection response.  FWD 
operators record temperature data along with deflection response.  Moisture 
content data is also collected and recorded for all the SMP pavement sites.  
Moisture content in fine-grained soils varies somewhat slowly because of the low 
permeability.  Variation in moisture content in coarse-grained soils may occur 
more rapidly and coincide with precipitation events.  
Recording the variation of temperature at AC pavement sites over time is 
essential. Time and temperature are usually considered in units of degree-days.  
When temperature decreases, frost severity is measured and recorded as the 
freezing index (FI) in terms of degree-days.   When temperature increases, 
degree of thaw is measured as the Thawing index (TI). Freezing and thawing 
indices are defined as the cumulative number of degree-days below and above 0 
degrees Celsius for a given time period. 
2.5 Previous Freeze/Thaw Studies and Recommendations 
Thaw weakened asphalt concrete pavement can be destroyed in a single 
day by truck or any form of heavy traffic (Mahoney, 1985).  It is important to 
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determine when load restrictions should be implemented, and when overload 
permits may be allowed.  Freeze/thaw and load restriction analyses have been 
conducted in Minnesota, Washington, and Finland.  Freeze Thaw restrictions 
have also been studied in Michigan, Montana, South Dakota, Alaska, and 
Wisconsin.  Load restrictions are generally placed on asphalt concrete surface 
and unpaved surfaces (Hicks et al., 1986). 
  Federal Highway Administration studies show that reducing loads on 
thaw-weakened pavements by 20% can increase pavement life by 62%.  The 
higher the load restrictions implemented or recommended the longer the 
pavement life. This section will discuss previous studies made in states where 
freezing and thawing is a major concern. Also existing state spring load 
restrictions (SLR) and winter load increases (WLI) will be discussed for some 
states. 
2.5.1 Minnesota 
  Minnesota Department of Transportation (MNDOT) normally implements 
spring load restrictions (SLR) for duration of 7-9 weeks.  MNDOT’s current policy 
uses forecasted average daily temperature to determine SLR placement and 
termination.  SLR have existed in Minnesota (MN) since 1937.  
The Minnesota DOT suggests a cumulative Freezing Index (FI) of 280 °F 
days indicates when pavement has adequate strength to carry increased loads.  
Cumulative Freezing Index is the summation of the daily degree-days below the 
freezing point.  This empirical recommendation is based on previous studies of 
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deflections, frost penetration depth, and air temperature.  Winter load increases 
(WLI) can be implemented at a FI greater than 280 °F day also based on 3 day 
forecast.  Minnesota DOT uses a 3-day forecast to ensure temperatures won’t 
rise above freezing and cause thawing.   
The end of WLI is independent on the start of spring load restrictions 
(SLR).  WLI are removed when the extended (3-day) forecast predicts daily 
thawing indicated by the cumulative thawing index (TI).  Thawing index is 
calculated as the reference temperature subtracted from the average daily 
temperature. The reference temperature varies from 29 °F on February 1 to 24 
°F on March 15.  The cumulative thawing index is the summation of the daily 
thawing indices.  Thawing is assumed to become critical when the cumulative 
thawing index is about 25 °F days.  SLR begins when cumulative TI is greater 
than 25 °F and forecast predicts further increases in TI. The critical time is when 
pavement first thaws. 
During times when SLR is in effect, the average air temperature often 
varies above and below freezing with smaller freeze thaw events.  Damage is 
estimated to be five times greater per spring day during SLR than each day of in 
the summer.  An annual savings of $10,000,000 is gained with the use of SLR 
and WLI.  The start of SLR for each MN zone is determined by measuring the 
forecast daily temperature for certain cities within each zone. (MnDOT, 2002) 
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2.5.2 Washington State  
Washington state pavements are subject to significant freeze/thaw 
damage.  Mahoney (1985) studied frost effects on pavements in Washington 
state.  Field operations conducted in this study showed that the base course 
modulus varied more than the subgrade course.  Resilient modulus reductions 
from the summer values to spring thaw was 52% in base materials and 23% in 
subgrade materials.  This is surprising because greater strength reductions are 
usually assumed for the subgrade soils than base materials. This could be 
caused by moisture trapped in the base during thaw and possibly frozen 
subgrade or subgrade of low permeability. (Mahoney, 1985) 
Mahoney’s observations included a multi-layered elastic analysis and 
comparison with Washington State Department of Transportation (WSDOT) FWD 
deflection data to characterize pavement material properties over time.  
Objectives of the WSDOT freeze/thaw analysis were to determine the variation in 
base and subgrade moisture content, frost depth, and deflections, such that 
predictions of the timing of load restrictions could be made (Mahoney, 1985).  
Weather data was incorporated to determine the length of the restriction period. 
Some problems encountered by the WSDOT occur in areas where cut/fill 
transitions are close to the surface and subgrade soil type changes. Thawing can 
occur from the top down, bottom up or both depending on surface and 
subsurface temperatures.  If pavement thaws suddenly it will thaw from the top 
down, which in turn yields poor drainage conditions.  (Mahoney, 1985) 
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Critical deflections are those deflections that occur when thawing first 
occurs. The results of the layered elastic modeling indicated that the spring 
critical deflections were 50% more than the summer deflections. Winter 
deflections were 10-40% less than summer.  Therefore pavement with spring 
deflections at 50% higher than typical summer values should be placed under 
spring load restrictions.  Temperature data was used to estimate thaw depth and 
determine TI and FI values.  FI was used to determine severity and duration of 
below freezing temperatures during freezing or winter months.  Large FI values 
are necessary to get large freeze depths, yet only small TI values are necessary 
to thaw the ground sufficiently to be critical.  The critical period of the Thawing 
Index ranges between 2 weeks from the last week of February to first week of 
March.  When the pavement weakens (critical period) it takes a couple of weeks 
for it to regain its normal strength.  FWD deflection data was used to determine 
the true duration of load restrictions, and it was suggested that the two-week 
period might not be long enough for pavement to fully recover.  (Mahoney, 1985) 
The second analysis portion in Mahoney’s study was the use of a 
computer program to model pavements and determine horizontal strain in the AC 
and vertical strain in the base and subgrade.  This data is used in addition to the 
Falling Weight Deflectometer surface deflection data. 
The United States Department of Agriculture Forest Service (USFS) did 
another study in Washington state in order to determine best times for WLI and 
SLR in areas where heavy truck traffic is common because of log hauling.  In this 
area, restrictions began when subsurface temperatures reached values above 
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0°C (32° F). Removal dates are important since early removal can cause serious 
damage to the pavement, yet excessive periods of load restrictions can have 
significant economic implications.  The USFS uses thermistors to detect 
subsurface temperature. Load restriction practices, levels of restriction, timing, 
and length of haul all vary with location. The USFS chooses not to use the FWD 
to aid in determining removal dates because it is expensive.  
Time domain reflectometry (TDR) and radio frequency (RF) probes were 
used to produce relationships between pavement stiffness and soil moisture. 
This analysis will aid in determining the best time to remove load restrictions.  
TDR and RF probes determine a soil’s volumetric water content by measuring its 
dielectric constant. The dielectric constant of water dominates the overall water-
soil-air mixture constant. (Kestler et al., 1999)   
From the FWD deflection data studied by Kestler et al., the deflection area 
was correlated to modulus and partial deflection basin area (Janoo et al., 1990).  
The deflection basin area is taken as the area corresponding to the difference 
between the deflected and un-deflected FWD pavement profiles, taken in a 
vertical plane. This distance is taken from the center of the load to the farthest 
sensor.  The deflection basin area is a FWD Index, which will be discussed later.  
Kestler et al. did not consider strains to be a good parameter for prediction 
of load restrictions because they are traffic induced and depend on load level 
(Kestler et al., 1999).  A moisture content of 32% was correlated to FWD partial 
area and the modulus where hauling can resume without harming the pavement.  
Minimum damage should occur once trapped water has escaped and the 
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moisture content returned to the pre-thaw values. This value corresponds to a 
minimum modulus and partial area value, which was assumed to depend on soil 
type (Kestler et al., 1999).   
An analysis reported by Rutherford (1989) investigated pavement in 
frozen conditions where spring (weakened) deflection responses were compared 
to summer (recovered) responses. It showed that deflection alone was not a 
good indicator of critical conditions. Vertical subgrade strain proved to be a 
valuable factor. Tensile strain at the bottom of the asphalt concrete layer and/or 
maximum vertical strain at the top of the base or subgrade reached high levels 
before the development of large deflections, which is possible when there are 
one or more weak layers between stiffer materials (Rutherford, 1989). In this 
situation only a small amount of thawing has taken place.  This analysis was 
significant because deflection indices and subsurface parameters for the critical 
(spring thaw) periods were compared with summer values (Rutherford, 1989). 
2.5.3 Finland 
Finnish National Road Administration (Finnra) manages Finland’s roads.  
Finnra has around 100 maintenance regions that produce their own weight 
restrictions. They are set according to local conditions and individual preference. 
To unify the maintenance regions a general policy for Finnra was established. 
Finnra’s Road Structured Research Program (TPPT) was designed to improve 
life, strength, and service of roadways (Isotalo, 1998).  One concern of the study 
was frost.  Freezing index data was used to determine frost and thaw duration.  
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Dynamic loading from a Falling Weight Deflectometer, designated to simulate 
actual traffic loading, was used to obtain pavement-bearing capacity and layer 
moduli.  Dynamic methods often give a higher modulus than static methods. 
Dynamic or impulse Falling Weight Deflectometer deflection testing proved to be 
unsuitable in this study, and California bearing ratio (CBR) tests were used 
instead. 
Finland’s northern cold climate region averages winter maintenance 
period of 4-6 months. Frost depths reach up to 2.5 m. Finland depends on truck 
transport for paper construction industries and agriculture. The northern region 
receives 6 months of cold weather with a 2.5 m frost penetration depth as 
compared to the south’s 4 months and 1.5 meters. (Isotalo, 1998) 
Spring restriction time periods vary on Finnish roads from 1 month in the 
south to 3 months in the north.  Finnish freight problems come from high wheel 
loads from lumber trucks and the forestry industry encounters problems due to 
restrictions set to save roads. They make provisions for longer routes, which 
increase transportation costs (Isotalo, 1998). More storage space is needed and 
timber quality is reduced. Transporting forestry equipment is difficult and 
expensive.  Problems are frost damage, poor load bearing capacity, slippery 
roads, narrow bridges, and weight restrictions on ferries.  
2.5.4 Additional Studies 
The South Dakota Department of Transportation (SDDOT) conducted 
studies to find an effective technique for setting spring load restrictions (Wilson, 
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1994).  They too found that using temperature data to determine thawing periods 
was beneficial in recommending restriction start dates.  In contrast, SDDOT 
considered speed restrictions as well as load restrictions. However, no results 
were finalized.  Data from Wilson’s study was based on Washington State DOT 
suggestions (Wilson, 1994). 
A study in Norway was conducted which used deflection testing and frost 
probe data to set dates for removal and placements. Removal dates were 
determined based on total frost depth and the ratio between permitted axle load 
during thaw and summer. Deflection, heave, and frost depth were measured 
within this study on both clay and silt subgrades. Maximum deflection for clay 
correlated to the end of thaw. Maximum deflection for silts varied. Data was 
consistent for clays but not silts (Nordal et al., 1982). 
Janoo and Berg (1990) conducted a study on frozen asphalt concrete 
sections in order to note changes in pavement layer strength due to freezing and 
thawing.  Impulse stiffness modulus (ISM) which is the FWD load divided by the 
center deflection was not found to provide thawing depth information.  The ISM is 
used as an indictor of the bearing capacity of different pavement structures 
(Janoo and Berg, 1990).  Correlations between FWD deflection basin AREA, 
deflection ratios and depth of thaw were made.  Results noted that temperature 
adjustments do not need to be used in analyzing deflection data. 
Roadwork in Montana by McBane and Hanek (1985) showed that 
temperature could be used in detecting thawing conditions.  Their data showed 
that thawing commenced when temperatures neared 0 degrees Celsius (McBane 
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and Hanek, 1985).  Janoo and Shepherd (2000) also conducted a short study in 
Montana using moisture and temperature sensors to predict the onset of spring 
load restrictions.  Additional measurements of surface deflections were taken 
from the fall season throughout the following spring months.    
The Wisconsin Department of Transportation (WisDOT) also implement 
spring load restrictions to protect local roads.  Factors considered are pavement 
thickness, type of subgrade, past distress experience, amount and type of truck 
traffic, surface deflections, and pavement age.  Local agencies specify weight 
limits.  To be consistent and cooperative with the state, they consult with the 
state DOT and its implementations.  Nationally, the average load restriction 
reduction is 44%.  In deciding on a restriction date, WisDOT uses frost tube data 
from all over the state.  Tubes are checked periodically for frost depth.  With 
several stations in place throughout the state, spring thaw can be easily 
identified.  Thawing index data is also utilized and has been found to be a better 
indicator of thaw weakening with fine-grained soils than coarse-grained soils.  
(WisDOT, 1998) 
2.6  Falling Weight Deflectometer Surface Deflection Indices 
The typical use of FWD deflection data is to backcalculate layer moduli 
using one of numerous backcalculation programs.  Modulus backcalculation has 
its disadvantages in times of freezing and thawing.  In light of the difficulty of 
backcalculation during the freeze/thaw period, a more rational approach is to use 
the FWD deflection data directly. Deflection basin indices can be computed from 
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the measured deflections and compared over time to assess the condition of the 
pavement. 
Various pavement deflection indices or shape factors have been proposed 
for observing changes in pavement behavior over time. These include AREA 
(several different definitions exist), Base Curvature Index (BCI), Base Damage 
Index (BDI), Maximum Deflection, and Surface Curvature Index (SCI) as defined 
in Table 1. 
The AREA parameter describes the normalized cross-sectional area of the 
deflection basin, and may be calculated using the deflections at all seven 
sensors or certain combinations as defined above (Van Deusen et al. 1998; 
Hoffman et al. 1981). The deflection at the outermost sensor, D1524, is assumed 
to represent the subgrade condition. The Surface Curvature Index, SCI is thought 
to represent the response of the upper base and subbase, whereas the Base 
Damage Index, BDI represents the upper subgrade.  
The SCI, BDI, and D0 were used to evaluate spring thaw conditions for 
Mn/ROAD test sections (VanDeusen et al. 1998). A partial deflection basin area 
(based on D457, D610, D914, and D1524) was shown by Kestler et al. (1999) to be a 
good indicator of thaw weakening and recovery for low volume roads, and 
seemed to correlate well with the subgrade moisture content. 
Since the sensor spacing is standardized, the relationship between any 
two sensors and a particular layer in the pavement system varies some with 
pavement layer thickness. Thus, the portion of the pavement system that a 
particular index is said to represent is somewhat approximate. 
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Table 1 Deflection Basin Indices 
Parameter Formula 
AREA 6 * [(D0/D0) + (2*D305/D0) + (2*D610/D0) + 
(D914/D0)] 
Deflection at Load Plate (D0) D0 
Deflection at 1524 mm (D1524) D1524 
Base Curvature Index (BCI) D610 – D914 
Surface Curvature Index (SCI) D0 – D305 
Basin Damage Index (BDI) D305 – D610 
Partial Area (PA), m2 [(D457+D610)/2*0.153] + [(D610+D914)/2*0.304] + 
[(D914+D1524)/2*0.610] 
Dx is the surface deflection measured x mm from the loading plate. Typical distances 
are 0, 203, 305, 457, 610, 914, and 1524 mm from the loading plate (LTPP, 2000). 
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For purposes of investigating the change in response of the base and subgrade 
during freezing and thaw, indices based on D0 would not be expected to be as 
sensitive as those at greater spacings.  
Figure 1 shows a typical deflection basin for a falling weight deflectometer 
test with 5 sensors.  The Falling Weight Deflectometer sensors measure only half 
of the deflection bowl.  Figure 1 shows an entire mirrored image, which is 
representative of the deflection basin.  In Figure 1 the measurement W1 is the 
maximum depth of the deflection bowl and occurs near the force wheels.  The 
terms W2, W3, W4, and W5 are the deflections at sensors 2 through 5, 
respectively.  The figure depicts the representative Surface Curvature Index 
(SCI) value for the particular basin. 
When expressed relative to their values under nominal pavement 
conditions, each of these deflection indices would be expected to decrease 
during freezing, when the pavement capacity is greatest, then increase during 
the spring thaw to a value greater than nominal, and finally recover to the 
nominal value during the summer. The concept of comparing the response to a 
nominal or summer value will be used in the study described here. 
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Figure 1. Typical Deflection Basin 
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Chapter 3 Methodology 
3.1 LTPP Test Site Specifications 
Data collected for the Long-Term Pavement Performance program is 
stored in the LTPP Information Management System (IMS).  Data for the flexible 
pavement sites were extracted based on the criteria specified in this section.  For 
the analysis, the sixteen frozen sites and six random non-frozen sites were taken 
from the Seasonal Monitoring Program.  Deflection indices were computed for 
the SMP sites based on the deflection data from the middle of the traffic lane and 
from the FWD test performed closest to the instrumentation core hole. For each 
test, the drop height producing a contact pressure closest to 550 kPa was used, 
which is the stress level corresponding to that often considered in pavement 
design.  
To accentuate seasonal trends, FWD index data from several years were 
superimposed.  Data was plotted on a time scale with October 1 as Day 1. This 
aids in evaluating the data because there will be no artificial sequence break 
during the typical freeze period from December to January.  Because the timing 
of the freeze and thaw changes from one year to the next, it can be difficult to 
directly compare data from different years. Therefore, the test dates in any given 
year were expressed relative to the year’s four freeze milestones: first freeze, full 
freeze, first thaw, and full thaw.  
The date of first freeze is the date on which the freezing index first 
becomes nonzero (or the first day each year with an average air temperature 
below zero).  The date of full freeze is the date on which the freezing index 
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reaches its maximum value.  The date of first thaw has been taken as the first 
date on which the thawing index becomes nonzero and stays nonzero.  Thus, 
brief thawing periods that are followed by more freezing are ignored.  For the 
sites studied, those brief early spring thaws generally last less than a week and 
the thawing index either doesn’t reach the critical level or only exceeds the 
critical value for a day or two before the ground refreezes.   
Full thaw dates cannot be determined with accuracy.  Freeze data is only 
collected on a monthly basis, thus only the last date with some frost is known and 
the first date with no measured frost is known. The end of spring thaw occurs 
between these two dates.  Freezing and thawing models (FI and TI behavior over 
time) are used to estimate full thaw dates.  With maximum depth of freezing 
known, the thawing model can be inverted to determine the thawing index 
needed to thaw the pavement system to that depth.    
The freezing Index represents the accumulated number of freezing 
degree-days at any point during the winter. It is a measure of amount and length 
of the temperature differential during freezing (Hicks et al. 1986).  Thawing index 
is the opposite of the freezing index. It is the measure of the degree-days above 
the freezing point. 
The FWD test dates were normalized relative to the mean milestone dates 
for each site. For example, assume that for a given year the period between First 
Freeze and First Thaw is 37 days, and FWD tests were conducted 20 days after 
the First Freeze. The deflection indices computed from those tests would be 
plotted 20/37ths of the time between the mean First Freeze date and the mean 
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First Thaw date for that site. If, the next year, the FWD tests are conducted 15 
days after the First Freeze and 42 days elapse between First Freeze and First 
Thaw, then the basin indices computed from the new FWD tests are plotted 
15/42nds of the way between the mean First Freeze and First Thaw dates. This 
way, all of the index data for a given site can be superimposed on a single graph, 
and is plotted relative to the mean freeze milestones.  
As discussed before, a Falling Weight Deflectometer (FWD) test is 
performed by dropping a buffered mass onto a 12-inch diameter plate resting on 
the pavement surface, then measuring the resulting surface deflections at 
several different offset distances. The LTPP data collection protocol (LTPP 2000) 
calls for deflection measurements 0, 203, 305, 457, 610, 914, and 1524 mm from 
the center of the loading plate in the direction of vehicle travel. In some testing 
applications, additional sensors are placed 1219 mm from the loading plate in the 
direction of travel and 305 mm behind the loading plate. In this report, the 
distance from the load plate designates the sensors. Thus, D305 is the deflection 
measured by the sensor 305 mm from the load plate. 
3.2 Deflection Indices  
Two additional indices, similar to BCI and BDI, were defined specifically 
for this study. The first is the Subgrade Damage Index (SDI), which is defined as 
D610 – D1524. It is considered another interpretation of the subgrade condition. 
The second index, the Subsurface Index (SI), is defined as D305 – D1524. It is 
thought to represent the entire subsurface state from the base through the 
subgrade. The deflection at the outermost sensor, D1524, is assumed to represent 
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the subgrade condition and is also used in this study in addition to the D0 
deflection index.  Table 2 details previously discussed indices and additional 
basins included in this study.  
3.3 Layered Elastic Modeling 
A number of layered elastic pavement analysis programs exist. In this 
study the Bitumen Structure Analysis in Roads (BISAR) computer program (De 
Jong et al., 1973) was used to model and simulate the FWD tests response from 
the freezing LTPP asphalt concrete sites. BISAR is a layered elastic modeling 
program, which predicts the deflections, strains, and stresses in asphalt concrete 
pavements.  Results from BISAR are compared with those from the WESLEA 
layered elastic model and Burmister’s analytical approach in Appendix B. 
To further investigate the use of deflection basin indices for estimating the 
time for removal of load restrictions, a series of computer analyses were 
performed to relate the observed FWD deflections to the stresses and strains in 
the pavement system.  A similar layered elastic approach was utilized by 
Rutherford (1989), in which the critical strains, and allowable loads were 
completed during the spring thaw. The critical mode of distress, assumed to be 
either horizontal strain at the bottom of the asphalt layer or vertical strain at the 
top of the subgrade, was found to depend on pavement thickness.  Rutherford’s 
study only modeled sites during the spring critical period and representative 
summer months, which is different from this study in which the sites will be 
modeled over a complete year.
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Table 2 Supplementary Deflection Basin Indices 
Parameter Formula 
AREA 6 * [(D0/D0) + (2*D305/D0) + (2*D610/D0) + 
(D914/D0)] 
Deflection at Load Plate (D0) D0 
Deflection at 1524 mm (D1524) D1524 
Base Curvature Index (BCI) D610 – D914 
Surface Curvature Index (SCI) D0 – D305 
Basin Damage Index (BDI) D305 – D610 
Partial Area (PA), m2 [(D457+D610)/2*0.153] + [(D610+D914)/2*0.304] + 
[(D914+D1524)/2*0.610] 
Subgrade Damage Index (SDI) D610 – D1524 
Subsurface Index (SI) D305 – D1524 
Dx is the surface deflection measured x mm from the loading plate. Typical distances 
are 0, 203, 305, 457, 610, 914, and 1524 mm from the loading plate (LTPP, 2000). 
 
31
  
 
3.3.1  Layered Elastic Model Development 
The SMP flexible sites experiencing freezing were modeled using BISAR 
to simulate Falling Weight Deflectometer tests by using a vertical load of 40 kN 
applied to a circular area with a 300-mm diameter. A typical year was divided into 
52 weeks or steps, with different pavement properties at different depths. By 
varying the pavement properties throughout the entire year, the analyses can be 
used to obtain the seasonal response, and to assist in the interpretation of the 
response during gaps in the actual field data. In addition, the BISAR analysis 
allows the computation of strains in the pavement system during the year. 
 To represent the gradual onset of freezing and thawing in the pavement, 
the subgrade above the maximum freeze depth was divided into 6 layers as 
depicted in Figure 2, which represents site 27-6251 (Minnesota). The top half of 
the frozen subgrade was divided into 4 layers of equal thickness, and the bottom 
half was divided into 2 layers of equal thickness.  
The maximum freeze depth was modeled based on a model developed 
from the Freezing Index data taken from the LTPP database (Drumm and Meier, 
2003).  The subgrade below the freeze depth was represented by an elastic half 
space with the unfrozen or nominal modulus. The properties of the subgrade 
layers were sequentially changed to reflect the progression of freezing or 
thawing, and the effect on the computed FWD deflection indices was observed.  
Layered elastic models were developed for the wet-freeze and dry-freeze 
sites for which a site-specific freeze depth model, an AC temperature model, and 
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Figure 2. Layered Elastic Model for Minnesota Site 27-6251 
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AC surface temperature data were available.  All the SMP flexible pavement sites 
analyzed are summarized in Table 3 along with the available data for the site.  
The eight sites for which BISAR analyses were conducted are also shown. 
Figures 3 and 4 show representative asphalt modulus verses surface 
temperature models and the year-round AC temperature model for site 
Minnesota 27-6251 (Drumm and Meier, 2003).  Development of these figures is 
discussed in Section 3.3.2. 
3.3.2 Modeling of Surface, Base and Subgrade Modulus 
 The modulus of the asphalt layer was varied with temperature based on a 
site-specific asphalt modulus models developed from the LTPP data (Drumm and 
Meier, 2003).  This data was accumulated using surface and mid height AC 
temperature data.  The relationship between asphalt modulus and pavement 
surface temperature was modeled by the equation: 
     EAC = AeBT 
where EAC is the asphalt modulus (MPa), T is the pavement surface temperature 
(°C), and A and B are site-specific model parameters. The model parameters 
used for each freezing AC site are summarized in Table 4. 
The annual variation of surface temperature at each site was simplified to 
follow a sinusoidal function approximating the surface temperatures measured 
during the FWD testing. Thus, for each week or analysis step, the AC modulus  
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Table 3 Sites Analyzed With BISAR Based on Available Models From LTPP 
Database 
Site Freeze - Thaw Data AC Temp Data 
 
BISAR 
Model 
 
Number 
 
 
State 
 
 
Milestones 
 
Frost Penetration 
 
Model 
Surface Temperature 
Data During Fwd Test 
 
16-1010 ID x x x x x 
23-1026 ME x x x x x 
25-1002 MA    x  
27-1018 MN x x x x x 
27-1028 MN x x x x x 
27-6251 MN x x x x x 
30-8129 MT x x x x x 
31-0114 NE    x  
36-0801 NY    x  
46-0804 SD x x  x  
46-9187 SD    x  
50-1002 VT x x x x x 
56-1007 WY   x x  
83-1801 MB x x  x  
87-1622 ON  x x x x 
90-6405 SK    x  
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Figure 3. Asphalt Modulus Verses Surface Temperature Minnesota Site 27-6251 
(Drumm and Meier, 2003) 
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Figure 4. Year-round AC Surface Temperature Model Minnesota Site 27-6251   
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Table 4 Site–Specific Asphalt Modulus Model Parameters 
Site A B 
16-1010 16528 -0.033 
23-1026 16010 -0.0467 
27-1018 8450.9 -0.0186 
27-1028 21002 -0.0016 
27-6251 12457 -0.0405 
30-8129 20096 -0.0454 
50-1002 12971 -0.0549 
87-1622 10638 -0.0283 
 
was varied based on the asphalt surface temperatures taken during the LTPP 
SMP FWD testing. 
Seasonal variations in pavement response, particularly the response 
during the winter freeze and spring thaw, can be most effectively investigated by 
comparison with the "nominal" or more typical response that exists during late 
summer and early fall. During the nominal period, the water content of the base 
and subgrade is relatively low and constant, leaving only temperature-induced 
changes in asphalt modulus to be considered.    
The nominal base, subbase, and subgrade moduli used in the model for each of 
the freeze sites are summarized in Table 5 The nominal values were computed 
as the median of the daily average moduli for all site visits between  
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Table 5 Median Nominal Values of Backcalculated Modulus (Freeze Sites) 
Site # State Name Back Calc. Layer # Layer Type
Median of Moduli 
(MPa)
Months used to deter. 
Nominal value # of data pt.
16-1010 Idaho 2 Base: Crushed Gravel N/A - -
3 Sugrade:  Silty Sand 71 6,9,10,11 7
4 Subgrade: Silty Sand 180 6,9,10,11 7
23-1026 Maine 2 Base:  Gravel (uncrushed) N/A - -
3 Subgrade:  Silty Sand with Gravel 214 6,7,8,9,10,11 9
4 Subgrade:  Silty Sand with Gravel 294.5 6,7,8,9,10,11 9
25-1002 Massachusetts 2 Base:  Crushed Gravel N/A - -
3 Subbase: Soil-Aggregate mixture (predom. Coarse-Grained) 74 6,7,8,9,11 7
4 Subgrade:  Poorly graded Sand with Silt 258 6,7,8,9,11 7
27-1018 Minnesota 2 Base:  Gravel (uncrushed) N/A - -
3 Subgrade:  Poorly graded Sand with Silt 260.5 6 1
4 Subgrade:  Poorly graded Sand with Silt 51.5 6 1
27-1028 Minnesota 3 Subgrade: Poorly graded Sand with Silt 200 6,8,10 4
4 Subgrade: Poorly graded Sand with Silt 202 6,8,10 4
27-4040 Minnesota 2 Base:  Gravel (uncrushed) N/A - -
3 Subgrade: Lean clay with Sand 45 6,10 2
4 Subgrade: Lean clay with Sand 101 6,10 2
27-6251 Minnesota 2 Base:  Gravel (uncrushed) N/A - -
3 Subgrade: Poorly graded Sand with Silt 626 8,10 3
4 Subgrade: Poorly graded Sand with Silt 64 6,8,10 4
30-8129 Montana 2 Base:  Crushed Gravel N/A - -
3 Subgrade: Poorly graded Sand with Silt 179 6,7,8,9,10,11 9
4 Subgrade: Poorly graded Sand with Silt 50 6,7,8,9,10,11 9
31-0114 Nebraska N/A - -
31-3018 Nebraska 3 Subgrade: Poorly graded Sand  44.25 8,9,10,11 4
4 Subgrade: Poorly graded Sand  157.5 8,9,10,11 4
36-0801 New York N/A - -
36-4018 New York 2 Subgrade: Silty Gravel with Sand 161 6,7,8,9,10 9
46-0804 South Dakota 2 Base: Crushed Stone 396 10 1
3 Subgrade: Silty Clay 99 10 1
46-9187 South Dakota 2 Base: Gravel (uncrushed) N/A - -
3 Subbase: Gravel (uncrushed) 246.5 6,10,11 3
4 Subgrade: Lean Inorganic Clay 95.5 6,10,11 4
50-1002 Vermont 2 Base:  Crushed Gravel N/A - -
3 Subgrade: Poorly Graded Gravel With Silt and Sand 197 6,7,8,9,10,11 9
4 Subgrade: Poorly Graded Gravel With Silt and Sand 175 6,7,8,9,10,11 9
56-1007 Wyoming 2 Base:  Crushed Gravel N/A - -
3 Subgrade: Silty Sand with Gravel 193.5 6,8,9,10,11 8
4 Subgrade: Silty Sand with Gravel 153 6,8,9,10,11 8
83-1801 Manitoba 2 Base: Crushed Gravel N/A - -
3 Subbase: Gravel (uncrushed) N/A - -
4 Subgrade: Silty Sand 237.5 11 1
83-3802 Manitoba 2 Subbase: Bound (treated) 553.75 6,10 2
3 Subgrade: Fat Inorganic Clay 97 6,10 2
87-1622 Ontario 2 Base:  Crushed Gravel N/A - -
3 Subbase: Sand 158 6,7,9,10 8
4 Subgrade: Sandy Silt 250.5 6,7,9,10 8
89-3015 Quebec 2 Base: Crushed Stone 157 6,7,8,9,10,11 11
3 Subgrade:  Poorly Graded Sand 97.5 6,7,8,9,10,11 10
90-6405 Saskatchewan 2 Base:  Crushed Gravel N/A - -
3 Subbase: Sand Asphalt 159.5 6,9 2
4 Subgrade:  Silty Sand  178.75 6,9 2
( )
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June and November. Table 5 shows which months were used at each site 
and the number of site visits included in the calculation. An entry of N/A in the 
column heading "layer number" is for those sites lacking modulus data during the 
June to November period. In cases where a base layer is indicated but no value 
is shown, the median backcalculated modulus was either higher than the surface  
modulus or lower than the subgrade modulus and was discarded as being 
unrealistic. This often happens when the pavement layer moduli are highly stress 
dependent. (Drumm and Meier, 2003) 
As mentioned above, the pavement subgrade moduli were assumed to 
have nominal values during the late summer and fall. Changes in the base and 
subgrade moduli during freezing and thawing were taken relative to these 
nominal values. Frozen layers were assumed to have a modulus twice the 
nominal value, and thawing layers were assumed to have a modulus one half the 
nominal value. Thus, the behavior of the layered elastic model could be 
investigated in 52 steps over the entire year, which was taken to start on October 
1(consistent with LTPP data) and progress from nominal to freezing to thawing 
and back to nominal again. Backcalculated FWD values were used for the 
nominal subgrade moduli. The moduli for the granular base were all set to 500 
MPa since only limited backcalculated data was available. Table 6 summarizes 
the moduli used for the base, subgrade and when applicable, sub-base layers.  
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Table 6 Nominal Base and Subgrade Moduli for LTPP Model Sites 
 
Site 
Base Subgrade/Subbase 
 
Modulus 
(MPa) 
Poisson’s 
Ratio 
Modulus 
(MPa) 
Poisson’s 
Ratio 
16-1010 500 0.35 71 0.30 
23-1026 500 0.35 214 0.30 
27-1018 500 0.35 260 0.30 
27-1028 500 0.35 200 0.30 
27-6251 500 0.35 600 0.30 
30-8129 500 0.35 179 0.40 
50-1002 500 0.35 197 0.35 
87-1622 500 0.35 250/350 0.40/0.35 
Note: Frozen modulus values were assumed to be twice the nominal, while 
thawed modulus values were assumed to be one half the nominal 
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3.3.3 Seasonal Variation of Freeze/Thaw Depth  
The moduli of the base and subgrade were varied from nominal, to 
freezing, to thawing according to the time of year. To represent the progression 
of freezing and thawing over time, the pavement year was divided into the 
following periods: fall, winter, spring thaw, base recovery, subgrade recovery, 
and summer. Each period was further subdivided such that the depth at which a 
given state occurred changed with time, yielding a total 52 weeks or analysis 
periods. The progression of these states with time and depth is shown in Table 7, 
which suggests the manner in which the subgrade layers freeze and thaw from 
the top down. Two different scenarios were modeled as indicated in Table 7: one 
with spring thaw and one without spring thaw. The second scenario is identical to 
the first except that the base and subgrade models skip the weakening stage and 
return directly to the nominal values. This second scenario was investigated to 
represent the LTPP SMP sites which did not display a strong thaw weakening 
stage, either due to thick base layers or gaps in the data collection. 
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Table 7 Assumed Annual Variation of Freeze and Thaw Depths in Asphalt Concrete Pavement Systems 
a) With Spring Thaw 
Seasonal Behavior Fall Winter Spring Thaw Base 
Recovery 
Subgrade Recovery Summer 
Step Number # Layers 1-15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36-52 
AC 1 N N N N N N N N N N N N N N N N N N N N N N 
Base 1 (opt) N F F F F F F F T T T T T N N N N N N N N N 
Subbase 2 (opt) N N F F F F F F F T T T T T T N N N N N N N 
    N N N F F F F F F F T T T T T T N N N N N N 
and/or   N N N N F F F F F F F T T T T T T N N N N N 
Subgrade   6 N N N N N F F F F F F F T T T T T T N N N N 
 (4, if  N N N N N N F F F F F F F T T T T T T N N N 
   Subbase) N N N N N N N F F F F F F F T T T T T T N N 
Elastic HS 1 N N N N N N N N N N N N N N N N N N N N N N 
 (N = Nominal Properties, F = Frozen Properties, T = Thawed Properties) 
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Table 7 Continued 
b) Without Spring Thaw 
Seasonal Behavior Fall Winter Subgrade Recovery Summer 
Step 
Number 
# Layers 1-15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30-52 
AC 1 N N N N N N N N N N N N N N N N 
Base 1 (opt) N F F F F F F F N N N N N N N N 
Subbase 2 (opt) N N F F F F F F F N N N N N N N 
    N N N F F F F F F F N N N N N N 
and/or   N N N N F F F F F F F N N N N N 
Subgrade  6  N N N N N F F F F F F F N N N N 
 (4, if  N N N N N N F F F F F F F N N N 
  Subbase)  N N N N N N N F F F F F F F N N 
Elastic HS 1 N N N N N N N N N N N N N N N N 
(N = Nominal Properties, F = Frozen Properties, T = Thawed Properties) 
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 Chapter 4 Seasonal Variation of Deflection Indices and Discussion 
As discussed in Section 3.2, deflection indices D1524, Subsurface Index, 
Subgrade Damage Index, Base Curvature Index, and Partial Area were 
examined for this study.  The following section will discuss the deflection index 
results of the analysis on the 6 no-freeze and 16 freeze asphalt concrete sites 
chosen.  Seasonal variation of indices D1524, BCI, SI, SDI, and PA are provided in 
Appendices C, D, E, F, and G, respectively. 
4.1 Seasonal Changes in Deflection Indices from LTPP Database 
Seasonal changes in chosen deflection indices will be shown in the 
following sections (Section 4.1.1 and Section 4.1.2) for one no-freeze site and 
several freeze sites.  Sites chosen were based on best typical responses from 
the analysis from the six no-freeze and 16 freeze sites utilized. Freeze sites 
described in Section 4.1.2 are Minnesota 27-6261, Minnesota 27-1018, and 
Saskatchewan 90-6405. The two Minnesota sites are wet-freeze sites where 
Minnesota 27-6251 is a thicker pavement system than Minnesota 27-1018.  
Saskatchewan 90-6405 is a typical dry-freeze site.  Site 1-0101 from Alabama 
was chosen to represent the non-freezing sites.  
4.1.1 No-Freeze Sites 
Figures 5 through 7 show the Base Curvature Index (BCI), Subgrade 
Damage Index (SDI), and Subsurface Index (SI), respectively, the LTPP data 
from Alabama site 01-0101. Again, the time scale originating with October 1 was 
selected so the critical winter freeze and spring thaw periods would be centered 
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Figure 5. Base Curvature Index (BCI) at Site 1-0101-1 (Sandy Silt Subgrade) 
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Figure 6. Subgrade Damage Index (SDI) at Site 1-0101-1 (Sandy Silt Subgrade) 
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Figure 7. Subsurface Index (SI) at Site 1-0101-1 (Sandy Silt Subgrade) 
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 on the time scale. A trend line has been drawn through the data. This site, which 
has a 190-mm (7.5-in.) asphalt layer and a 200-mm (7.9-in.) base layer over a 
sandy silt subgrade, demonstrates behavior typical of many no-freeze sites. The 
seasonal variation of BCI and SDI is minimal. The plot of SI (the difference 
between D305 and D1524) has a value about twice that of SDI (the difference 
between D610 and D1524), and displays a somewhat greater decrease during 
winter than does the SDI. The explanation is that an index including sensor D305 
reflects a greater contribution of the stiffer AC response during low temperature 
periods than does an index based on D610, which reflects the condition of 
materials at a greater depth. This suggests that the choice of basin index to 
detect the start and end of the spring thaw may change from site to site 
depending on the thickness of the pavement layers. Regardless, neither index 
demonstrates the significant seasonal response expected at the freeze sites.  
4.1.2 Freeze Sites 
The pavement response as a function of freeze state was investigated by 
comparing the computed deflection indices over time (normalized to the mean 
freeze/thaw milestones). Periods of interest are those where pavement capacity 
is greater due to freezing or lower due to base/subgrade thawing. Based on the 
defined freeze milestones, it is anticipated that the pavement capacity will be 
greatest between First Freeze and Full Freeze, and least between First Thaw 
and Full Thaw. As the pavement recovers from the thaw, the capacity should 
gradually return to near that which existed prior to freezing. Since it is desirable 
to predict the timing of the increased pavement capacity during freezing and the 
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 onset of the thaw weakening, an effective FWD deflection basin index should be 
capable of reflecting these changes in pavement response throughout the year. 
The FWD indices D1524, BCI, SDI, SI, and PA were calculated from the 
FWD deflections in the LTPP database for all the flexible pavement SMP sites in 
freeze zones (Appendices C-G). Typical data are shown here for Minnesota site 
27-6251, which is listed as a wet-freeze site.  
Figures 8 through 13 compare the deflection indices D1524, BCI, SDI, SI, 
AREA, and PA for Minnesota site 27-6251. Site 27-6251 is a wet-freeze site, with 
190 mm (7.4 in.) of asphalt and 250 mm (10 inches) of granular base. The 
subgrade is poorly graded sand with silt. The response from several years is 
superimposed on the mean milestone dates, and is reasonably consistent from 
year to year. The indices D1524, BCI, SDI, SI and PA, all decrease to a low value 
after the First Freeze milestone, corresponding to increased pavement capacity.  
The Base Curvature Index (BCI) in Figure 9 has some negative values 
when the pavement is frozen and deflections are lower. This may be due to the 
proximity of sensors used in the determination BCI, and the fact that the 
deflections are very small when the site is frozen. After First Freeze, the values 
of the indices begin to increase during the thaw period (which may occur before 
the time of maximum freeze depth), corresponding to a decrease in pavement 
capacity. If the results from individual years are considered, the indices may be 
slightly elevated immediately after thaw prior to returning to the nominal value. In 
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Figure 8. Deflection D1524 at Site 27-6251 (Poorly Graded Sand With Silt 
Subgrade) 
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Figure 9. Base Curvature Index (BCI) at Site 27-6251 (Poorly Graded Sand With 
Silt Subgrade) 
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Figure 10. Subgrade Damage Index (SDI) at Site 27-6251 (Poorly Graded Sand 
With Silt Subgrade) 
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Figure 11. Subsurface Index (SI) at Site 27-6251 (Poorly Graded Sand With Silt 
Subgrade) 
0
20
40
60
80
100
120
140
0 90 180 270 360
Days Since October 1
SI
 (D
30
5-
D
15
24
), 
m
ic
ro
ns
1993
1994
1995
1996
1997
2000
First FREEZE  (10/24)
First THAW (3/18)
Max FREEZE  (4/14)
Full THAW  (5/26)
54
 0
5
10
15
20
25
30
35
0 90 180 270 360
Days Since October 1
AR
EA
1993
1994
1995
1996
1997
2000
First FREEZE (10/24)
First THAW (3/18)
Max FREEZE  (4/14)
Full THAW (5/26)
 
Figure 12. Index AREA at Site 27-6251 (Poorly Graded Sand With Silt Subgrade) 
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Figure 13. Index PA at Site 27-6251 (Poorly Graded Sand With Silt) 
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  Figure 11, the index AREA, which is a traditional deflection index, does not 
appear to reflect seasonal changes in the pavement response and does not 
seem to be a good indicator of changes in subgrade response due to freezing 
and thawing.  
Figures 8 through 13, suggest that the indices D1524, BCI, SDI, SI and PA 
may be useful as predictors of increased pavement capacity when frozen. 
Changes in these indices may be used to determine the best dates to allow 
winter overload permits. Index D1524 is somewhat more variable than the others, 
which are functions of several sensors. None of the indices indicate a significant 
period of thaw weakening, which would be reflected by index values significantly 
greater than the nominal value. This is investigated further below. 
For comparison purposes, Figures 14 and 15 show the Subsurface Index (SI) 
and the Subgrade Damage Index (SDI) for the Saskatchewan site 90-6405, a 
dry-freeze site. The response during the freeze period of the year is similar to the 
wet-freeze sites shown previously, with a significant decrease in index during the 
freeze period. This further suggests that these indices may be useful in 
distinguishing periods for overload permits. As in the wet-freeze sites above, a 
post- freeze increase in the indices during thaw weakening is not strongly 
exhibited. 
4.2 Comparison of Index SI at all Freeze Thaw Sites  
Several of the defection indices identified above seem to detect the 
changes in pavement response that occur during the freeze and thaw periods. 
Most of the SMP sites (both wet and dry sites) that experienced freezing 
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Figure 14.   Subsurface Index (SI) at Site 90-6405 (Silty Sand Subgrade) 
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Figure 15. Subgrade Damage Index (SDI) at Site 90-6405 (Silty Sand Subgrade) 
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 demonstrated an obvious decrease in index value during the freeze period, yet 
few showed significant thaw weakening. Figure 16 is a schematic of the typical 
seasonal variation of SI (the difference between the deflection at 305 mm and the 
deflection at 1524 mm) and depicts two different responses: the solid line 
corresponds to a pavement that freezes in the winter but does not suffer from 
thaw weakening in the spring, and the dotted line corresponds to a pavement 
that suffers considerable thaw weakening. The typical seasonal variation of 
indices BCI, SDI, and PA is similar. 
The seasonal variation of SI for all frozen SMP sites was qualitatively evaluated 
with respect to how well the response agreed with the generic freeze response 
(solid line) in Figure 16, and the results are summarized in Table 8. The sites 
with strong or moderate agreement with the freeze response were further 
evaluated with respect to how well the response agreed with the thaw response 
(dotted line). While this type of qualitative analysis is very biased, it can be useful 
to summarize the observed response. Of the 16 AC pavement sites with 
recorded freezing (nine wet and seven dry), all but two wet sites (one moderate 
and one weak) verified strong conformity with the typical freeze response.  
Suggesting that even the dry-freeze sites may have ample soil moisture to show 
an increase in capacity during the freezing months. 
The thaw weakening response was not consistently observed in the 
indices from the SMP sites, and when it was observed it was very weak. In fact, 
there was little difference between the thaw response in the wet and dry sites. Of  
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Figure 16. Generic FWD Deflection Index Response 
(Solid Line Without Thaw Weakening; Dotted Line With Thaw Weakening) 
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Table 8 Comparison SMP Freeze Sites With “Typical” SI Behavior in Figure 
16 
Agreement with 
Generic Response 
(S=Strong, 
M=Moderate, W=Weak) 
State 
Site 
ID 
 
Climatic 
Region 
 
 
Subgrade Type 
Subgrade Type 
 
Years with FWD 
Data Collection 
(No Freeze Data 
in 2000) 
Freeze 
Thaw  
Weakening 
ME 23-
1026 
Wet-freeze Coarse Grained Soil: Silty 
Sand with gravel; Subgrade 
(Untreated) 
1993 1994 1995 
1996 1997 
S M 
MA 25-
1002 
Wet-freeze Coarse-Grained Soils: Poorly 
Graded Sand with Silt); 
Subgrade (Untreated) 
1993 1994 1995 
1996 1997 
(Only freeze in 
1994) 
M W 
MN 27-
1018 
Wet-freeze Coarse-Grained Soils: Poorly 
Graded Sand with Silt); 
Subgrade (Untreated) 
1993 1994 1995 
1996 1997 
S M 
MN 27-
1028 
Wet-freeze Coarse-Grained Soils: Poorly 
Graded Sand with Silt); 
Subgrade (untreated) 
1993 1994 1995 
1996 1997 
S W 
MN 27-
6251 
Wet-freeze Coarse-Grained Soils: Poorly 
Graded Sand with Silt) 
1993 1994 1995 
1996 1997 2000 
S W 
NE 31-
0114 
Wet-freeze Fined-Grained Soil: Silty Clay; 
Subgrade (Untreated) 
1995 1996 1998 
2000 
W - 
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Table 8 Continued 
 
Agreement with 
Generic Response 
(S=Strong, 
M=Moderate, 
W=Weak) 
State 
Site 
ID 
 
Climatic 
Region 
 
 
Subgrade Type 
Subgrade Type 
 
Years with FWD 
Data Collection 
(No Freeze Data 
in 2000) 
Freeze 
Thaw  
Weakening 
NY 36-
0801 
Wet-freeze Coarse-Grained Soil: Silty 
Sand; Subgrade (untreated) 
1995 1996 1997 
1998 2000 
(Only froze in 
1996) 
S M 
VT 50-
1002 
Wet-freeze Coarse-Grained Soils: Poorly 
Graded Gravel With Silt and 
Sand; Subgrade (untreated) 
1993 1994 1995 
1996 1997 2000 
(Only Froze 
1994 & 1995) 
S W 
ON 87-
1622 
Wet-freeze Fine-Grained Soils: Sandy Silt; 
Subgrade (Untreated) 
1993 1994 1995 
1997 
S M 
MT 30-
8129 
Dry-freeze Fined-Grained Soils: Gravely 
Lean Clay With Sand; Subgrade 
(Untreated) 
1992 1993 1994 
1995 1997 
S M 
MB 83-
1801 
Dry-freeze Coarse-Grained Soil: Silty 
Sand; Subgrade (untreated) 
1993 1994 1995 
1997 2000 
S W 
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Table 8 Continued 
 
Agreement with 
Generic Response 
(S=Strong, 
M=Moderate, W=Weak) 
State 
Site 
ID 
 
Climatic 
Region 
 
 
Subgrade Type 
Subgrade Type 
 
Years with FWD 
Data Collection 
(No Freeze Data in 
2000) 
Freeze 
Thaw  
Weakening 
SD 46-
9187 
Dry-freeze Fine-Grained Soils: Lean 
Inorganic Clay; Subgrade 
(Untreated) 
1990 1991 1992 
1994 1995 1996 
1997 
S W 
WY 56-
1007 
Dry-freeze Coarse Grained Soil: Silty 
Sand with gravel; Subgrade 
(untreated) 
1993 1994 1995 S M 
SD 46-
0804 
Dry-freeze Fined-Grained Soil: Silty 
Clay; Subgrade (untreated) 
1994 1995 1997 
2000 
S W 
ID 16-
1010 
Dry-freeze Coarse-Grained Soil: Silty 
Sand; Subgrade (Untreated) 
1993 1994 1995 
1996 1997 
S W 
SK 90-
6405 
Dry-freeze Coarse-Grained Soil: Silty 
Sand; Subgrade (Untreated) 
1993 1994 1995 
1997 
S M 
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the 16 flexible pavement sites with recorded freezing, none demonstrated the 
increase in measured deflections that would be expected during a thaw 
weakening period. There are several possible reasons that a thaw-weakening 
response was not observed: 
• the thaw period occurred between the site visits for FWD testing; 
• the subgrade soils are not particularly frost-susceptible; 
• the pavements were designed to minimize thaw weakening. 
The response during thaw-weakening periods will be investigated further in the 
next section. 
4.3 Seasonal Changes in Deflection Indices and Response from Freeze 
Sites 
 The frozen sites in the SMP database listed in Table 3 were analyzed in 
the manner described in Chapter 3 to obtain surface deflections corresponding to 
the locations of the FWD sensors, the horizontal strain at the bottom of the 
asphalt layer, and the vertical strain at the top of the subgrade. The results from 
Minnesota sites 27-6251, with 190 mm (7.4 in.) of asphalt and 250 mm (10 in.) of 
granular base, and site 27-1018, with 115 mm (4.5 in.) of asphalt and 130 mm 
(5.2 in.) of granular base, will be discussed here. Data from the remaining sites is 
located in Appendices H-N.  The subgrade at both Minnesota sites is poorly 
graded sand with silt, and since neither site has a subbase, the subgrade in both 
was divided into six layers. 
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4.3.1 Predicted Seasonal Changes in FWD Deflection Basins 
 Figure 17 shows selected FWD deflection basins obtained using the 
layered elastic model for site 27-6251. The deflection basins are color coded 
according to season. For comparison, actual FWD deflection basins developed 
from the LTPP database are shown in Figure 18. The model represents the 
seasonal changes in FWD basin shape very well, although the actual maximum 
deflections under the load may not always agree. The differences in magnitude 
can be attributed to assumptions made in the selection of material properties, 
differences in the timing of the various freeze/thaw events, and the arbitrary 
selection of the factors applied to the base and subgrade moduli during the 
freezing and thaw periods. These differences in the magnitude of the deflection 
will not have a big impact on the investigation of the seasonal variation of the 
FWD indices, since it is the change in the indices over time that is of interest. A 
similar comparison is made in Figures 19 and 20 for site 27-1018. The predicted 
FWD basins for all the freeze sites are provided in Appendix H.  
4.3.2 Predicted Seasonal Changes in Basin Indices 
From the results of the BISAR layered elastic analysis, the seasonal 
variation of the predicted FWD indices BCI, SDI, SI, and PA was investigated. 
These indices were determined with and without thaw weakening, as outlined the 
loading sequence in Table 7. Again, this was done to investigate the suggestion 
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Figure 17. Deflection Basins at Site 27-6251 from Layered Elastic Model 
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Figure 18. Deflection Basins at Site 27-6251 From LTPP Data 
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Figure 19. Deflection Basins at Site 27-1018 From Layered Elastic Model 
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Figure 20. Deflection Basins at Site 27-1018 From LTPP Data 
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in Section 4.2 that significant thaw weakening was not measured at the LTPP 
sites.  
 Figures 21 and 22 show the seasonal variation of index BCI calculated for 
sites 27-6251and 27-1018, respectively. The horizontal time scale is the week 
number starting with the week of October 1. Similar response was obtained for 
the other freezing sites as shown in Appendix I. The seasonal variation for both 
sites is similar, except that the BCI for site 27-1018, which is the thinner of the 
two sites, is about twice that of site 27-6251. In both cases, the model for the 
spring thaw response produces an index value that is about twice the nominal 
value occurring in early October. This is consistent with the observations from the 
data with complete thaw measurements obtained from outside the LTPP data 
set.  
Similar pairs of graphs are provided for the SDI (Figures 23 and 24), the 
SI (Figures 25 and 26) and the PA (Figures 27 and 28). Appendices J, K, and L 
contain the seasonal variation of indices SDI, SI, and PA, respectively, for the 
remaining freeze sites. In each case the index accurately reflects the increased 
capacity (lower index) during freeze, and a significant loss of capacity (greater 
index) during the thaw weakening period. These results tend to support the 
premise that the LTPP sites did not experience significant thaw weakening, since 
most of the data (as summarized in Table 8) returned to the nominal values with 
very little evidence of decreased capacity during thaw. 
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Figure 21. Base Curvature Index (BCI) From Site 27-6251 Model 
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Figure 22. Base Curvature Index (BCI) From Site 27-1018 Model 
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Figure 23. Subgrade Damage Index (SDI) From Site 27-6251 Model 
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Figure 24. Subgrade Damage Index (SDI) From Site 27-1018 Model 
0
10
20
30
40
50
60
70
80
90
100
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week Number Beginning With October 1
SD
I (
D
61
0-
D
15
24
), 
m
ic
ro
ns
With Spring Thaw
Without Spring Thaw
First FREEZE
First THAW
Max FREEZE
Full THAW
75
  
 
Figure 25. Subsurface Index Site (SI) From Site 27-6251 Model 
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Figure 26.  Subsurface Index (SI) From Site 27-1018 Model 
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Figure 27. Partial Area (PA) From Site 27-6251 Model 
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Figure 28. Partial Area (PA) From Site 27-1018 Model 
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 The idealized seasonal variation obtained from the layered elastic model 
is similar for the four selected indices (BCI, SDI, SI, and PA). The similarity is 
evident in Figures 29 and 30, where the seasonal variation of the indices for sites 
27-6251 and 27-1018 have been normalized with respect to the nominal value, 
and superimposed. This suggests that a ratio of the indices may be useful for the 
detection of freeze and thaw induced changes in pavement capacity. 
4.3.3 Predicted Seasonal Changes in Strain at the Bottom of the AC Layer 
and Top of the Subgrade  
One of the primary goals of this study was to develop guidelines for the 
lifting of load restrictions after the pavement capacity has recovered following 
spring thaw. Pavement damage is often assumed to be related to the magnitude 
of horizontal strain at the bottom of the AC layer, εAC, or the vertical strain at the 
top of the soil subgrade, εSG. Therefore the application of load restrictions should 
be done to assure that these strains are limited during spring thaw. The layered 
elastic models developed for the LTPP sites can be used to simulate the 
conditions during spring thaw, and to identify the periods when the strains are 
excessive. If it is assumed that the strains generated in the pavement system 
during the middle of the summer represent the worst non-thaw conditions, yet are 
acceptable from a pavement damage perspective, then these summer strains 
can be taken as the limiting or critical strains above which loading should be 
restricted during the spring thaw. An investigation of the FWD basin indices from 
the layered elastic model can be used to determine how the change in indices 
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Figure 29. Normalized FWD Indices From Site 27-6251 Model 
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Figure 30. Normalized FWD Indices From Site 27-1018 Model 
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correspond to changes in these critical strains, leading to guidance for the 
removal of load restrictions. 
 Figures 31 and 32 show the seasonal variation of horizontal strain at the 
bottom of the asphalt layer, normalized with respect to the value obtained for the 
week of October 1, for sites 27-6251 and 27-1018, respectively. For the thicker 
pavement system, site 27-6251, the εAC during the idealized thaw weakening is 
not much greater than for the case without thaw weakening, and the summer 
strains are clearly the most critical. For the thinner pavement at site 27-1018, the 
εAC during thaw weakening is significantly greater than for the case without thaw 
weakening, and during the period from about week 25 to 29 greater than the 
maximum strains occurring during the summer (Week 41). It is therefore 
concluded that the asphalt tensile strain is not critical for the thicker pavement at 
site 27-6251, but is critical at site 27-1018. The predicted seasonal variation of 
normalized asphalt tensile strain for the other freeze sites is provided in Appendix 
M. 
The seasonal variation of the vertical strain in the soil subgrade, εSG, is 
shown in Figures 33 and 34 for sites 27-6251 and 27-1018, respectively. The 
values have been normalized with respect to the value obtained for the week of 
October 1. In both cases, the εSG is much greater for the case with the thaw 
weakening than for the case without thaw weakening, and exceed the maximum 
computed during the summer months. This suggests that thaw weakening during 
the period from weeks 24 to 29 would be a concern at both sites based on a 
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Figure 31. Normalized Horizontal Strain, Bottom of AC, at Site 27-6251 
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Figure 32. Normalized Horizontal Strain, Bottom of AC, Site 27-1018 
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Figure 33. Normalized Vertical Strain, Top of Subgrade, Site 27-6251 
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Figure 34. Normalized Vertical Strain, Top of Subgrade, Site 27-1018 
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subgrade strain criterion. The seasonal variation of the predicted normalized 
subgrade strain is provided for the other freeze sites in Appendix N.  
4.3.4 Determination of Site Specific Critical Indices  
By comparing the time history of the computed FWD indices with the 
history of the computed strains, the FWD index values corresponding to the 
beginning and end of the thaw-weakening period can be determined. Since a 
number of assumptions were made in the development of the layered elastic 
model, the magnitude of the computed FWD indices may not closely agree with 
the magnitude measured from field FWD testing.   
Analyzing the indices or strains in terms of index ratios can aid in better 
determining changes in behavior in model and field data.  These index ratios 
consist of strain values divided by the October 1 nominal strain value.  Thus, 
when the pavement is freezing and the index values are decreasing, the index 
ratio has a value less than unity. Upon thaw, the index ratio begins to increase, 
and if the pavement experiences thaw weakening, the index ratio will exceed 
one. 
Two key ratios are defined:  the Thaw Index Ratio, Rt and the Recovery 
Index Ratio, Rr.  These two index ratios represent the limit values discussed 
above.  The Thaw Index Ratio is the ratio of the index value when the strain first 
exceeds the summer maximum strain (Ithaw) to the nominal index value from the 
fall or October (Inominal).  The Recovery Index Ratio is the ratio of the index value 
when the strain first recovers to a value less than the summer maximum strain 
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(Irecovery) to the nominal index value from the fall (or October).  The index value 
Ithaw corresponds to periods of increasing index value, while the index Inominal 
corresponds to periods of decreasing index values.  The third index presented by 
Drumm and Meier (2003) is the maximum Index Ratio, Rmax.  This ratio 
represents the maximum strain value (Imaximum) verses the nominal index value 
from the fall.    
If the Thaw Index Ratio, Rt and the Recovery Index Ratio, Rr can be 
estimated for a given pavement system under specific climactic conditions, field 
FWD testing during the critical thaw weakening period can be used to make 
decisions relative to the timing of load restrictions. Load restrictions can be 
placed when increasing index ratios reach the limiting value, Rt . Likewise, when 
the index ratios are falling, the load restrictions can be lifted when the ratio falls 
below the other limiting value, Rr.  Rather than normalizing the index values with 
respect to the nominal values, an alternative approach would be to normalize the 
FWD indices with respect to the values obtained in the summer when the strains 
are maximum. However, there are two reasons why this was not done. First, 
most of the selected index values (selected to emphasize base and subgrade 
changes) are not significantly different in the summer than in the fall, even 
though the strains may be significantly different. Secondly, it is much more 
difficult in practice to conduct FWD tests at several locations during the hottest 
period of the summer. It is more practical to obtain the nominal defection basin at 
the identified sites during a longer fall period.  
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 The time histories of εAC and εSG, such as those shown in Figures 31 
through 34, for the freeze sites were examined to identify the times (or steps, 
Table 7) at which the strains became critical. Determination of the magnitude of 
the index values at these times yielded the Thaw Index Ratio, Rt and the 
Recovery Index Ratio, Rr for each of the freeze sites that experienced thaw 
weakening. The Maximum Index Ratio, Rmax was also determined, for 
comparison with the sites for which thaw weakening did not occur under the 
idealized model conditions. The results of this investigation are summarized in 
Table 9 for the AC tensile strain criterion, and in Table 10 for the subgrade strain 
criterion.  
Of the eight sites that were modeled, only 2 (sites 27-1018 and 30-8129) 
experienced thaw weakening based on the AC criterion, whereas 7 experienced 
thaw weakening based on the subgrade strain criterion. With the exception of site 
16-1010, which experienced minimal effect from the idealized thaw, the 
maximum index ratio Rmax was between 1.15 and 2.0.  
 Each of the deflection basin indices investigated above (BCI, SDI, SI and 
PA) appear capable of detecting the loss of capacity during thaw weakening. The 
Thaw Index Ratio, Rt and the Recovery Index Ratio, Rr are site-specific limiting 
values, and should be dependent upon the layer properties, the imposed 
conditions during thaw, and the pavement thickness. Likewise, the FWD index 
that is the best indicator of changing pavement capacity is likely to depend upon 
layer thicknesses and the extent to which the moduli change during thaw. 
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Table 9 Critical FWD Index Ratios Relative to Maximum Summer Conditions- AC Strain Criterion  
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery   
notes 
   Week strain 
first exceeds 
summer max 
AC strain  
 
Index 
value 
Thaw 
Index 
Ratio, 
Rt  
Week of 
maximum 
thaw strain 
Index 
value 
Max 
Thaw 
Index 
Ratio, 
Rmax  
Week 
strain first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr  
 
16-
1010 
BCI 26  
NA 
 
 
   
NA 
 
  NA   no 
thaw 
effect 
 
 SDI 70           
 SI 97           
 PA  16           
23-
1026 
 
BCI 21 NA   27 32 1.52  
 
NA 
 
 
   
 SDI 42     65 1.55     
 SI 78     115 1.47     
 PA  6     7.4 1.23     
27-
1018 
BCI 26  26 45 1.15 29 52 2.00 30 38 1.46  
 SDI 46  73 1.59  92 2.00  73 1.59  
 SI 107   170 1.59  199 1.86  145 1.36  
 PA  5.5  6.3 1.15  8.9 1.62  8.2 1.49  
91
  
 
 
Table 9 Continued 
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery   
notes 
   Week strain 
first exceeds 
summer max 
AC strain  
 
Index 
value 
Thaw 
Index 
Ratio, 
Rt  
Week of 
maximum 
thaw strain 
Index 
value 
Max 
Thaw 
Index 
Ratio, 
Rmax  
Week 
strain first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr  
 
27-
1028 
BCI 24 NA   29 36 1.50 NA    
 SDI 51     84 1.65     
 SI 82     125 1.52     
 PA  7.1     12 1.69     
27-
6251 
BCI 13 NA   27 22 1.69  
NA 
 
 
   
 SDI 22     40 1.82     
 SI 49     76 1.55     
 PA 2.5     3.5 1.40     
30-
8129 
BCI 21 27 
 
 
37 1.76 27 37 1.76  
28 
  
25 1.19   
 SDI 44  67 1.52  67 1.52  53 1.20  
 SI 96  158 1.65  158 1.65  108 1.13  
 PA  6.8  7.9 1.16  7.9 1.16  7.7 1.13  
50-
1002 
BCI 18 NA   27 27 1.50 NA    
 SDI 36     56 1.56     
 SI 66     97 1.47     
 PA  6     7.3 1.22     
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Table 9 Continued 
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery   
notes 
 
 
 Week 
strain 
first 
exceeds 
summer 
max AC 
strain  
 
Index 
value 
Thaw 
Index 
Ratio, 
Rt  
Week of 
maximum 
thaw 
strain 
Index 
value 
Max 
Thaw 
Index 
Ratio, 
Rmax  
Week 
strain 
first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr  
 
87-
1622
BCI 21 NA   27 36 1.71 NA    
 SDI 39     67 1.72     
 SI 81     128 1.58     
 PA  5.2     6.8 1.31     
Note: Values for index PA are in units of m2 x10-5 
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Table 10 Critical FWD Index Ratios Relative to Maximum Summer Conditions- Subgrade Strain Criterion 
 
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery  notes 
   Week strain 
first exceeds 
summer 
max SG 
strain 
Index 
value 
Thaw 
Index 
Ratio, 
Rt 
Week of 
maximum 
thaw strain 
Index 
value 
Max Thaw 
Index 
Ratio, 
Rmax  
Week 
strain first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr 
 
 
16-
1010 
BCI 26 24 
 
21 0.81 24 
 
21 0.81 30 31 1.19  
 SDI 70  57 0.81  57 0.81  83 1.19  
 SI 97  78 0.80  78 0.80  115 1.19  
 PA  16  15 0.94  15 0.94  18 1.13  
23-
1026 
 
BCI 21 24 25 1.19 27 32 1.52 30 
 
25 1.19  
 SDI 42  40 0.95  65 1.55  54 1.29  
 SI 78  85 1.09  115 1.47  95 1.22  
 PA 6  6 1.00  7.4 1.23  7.6 1.27  
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Table 10   Continued 
 
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery  notes 
   Week strain 
first exceeds 
summer 
max SG 
strain 
Index 
value 
Thaw 
Index 
Ratio, 
Rt 
Week of 
maximum 
thaw strain 
Index 
value 
Max 
Thaw 
Index 
Ratio, 
Rmax  
Week 
strain first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr 
 
 
27-
1018 
BCI 26 24 
 
30 1.15 29 52 2.00 30 38 1.46  
 
 SDI 46  44 0.96  92 2.00  73 1.59  
 SI 107   123 1.15  199 1.86  145 1.36  
 PA  5.5  4.6 0.84  8.9 1.62  8.2 1.49  
27-
1028 
BCI 24  
NA 
  29 36 1.50 NA    
 SDI 51     84 1.65     
 SI 82     125 1.52     
 PA  7.1     12 1.69     
27-
6251 
BCI 13 24 16 1.23 29 19 1.46  
 
30 
 
15 1.15  
 SDI 22  28 1.27  36 1.64  30 1.36  
 SI 49  56 1.14  68 1.39  58 1.18  
 PA 2.5  2.4 0.96  3.9 1.56  3.5 1.40  
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Table 10  Continued 
 
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery  notes 
   Week strain 
first exceeds 
summer 
max SG 
strain 
Index 
value 
Thaw 
Index 
Ratio, 
Rt 
Week of 
maximum 
thaw strain 
Index 
value 
Max 
Thaw 
Index 
Ratio, 
Rmax  
Week 
strain first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr 
 
 
30-
8129 
BCI 21 24 32 1.52 27 37 1.76  
 
30 
  
  
25 1.19  
 SDI 44  55 1.25  67 1.52  53 1.20  
 SI 96  135 1.41  158 1.65  108 1.13  
 PA  6.8  7 1.03  7.9 1.16  7.7 1.13  
50-
1002 
BCI 18 24 22 1.22 27 27 1.50  
30 
 
 
20 1.11  
 SDI 36  45 1.25  56 1.56  42 1.17  
 SI 66  76 1.15  97 1.47  75 1.14  
 PA  6  6.4 1.07  7.3 1.22  6.9 1.15  
 
 
 
 
 
 
96
  
 
Table 10  Continued 
 
Site Basin  
Index 
Nominal 
(Oct 1) 
Index 
Initial Thaw Threshold Maximum Strain  End of Recovery  notes 
   Week strain 
first exceeds 
summer 
max SG 
strain 
Index 
value 
Thaw 
Index 
Ratio, 
Rt 
Week of 
maximum 
thaw strain 
Index 
value 
Max 
Thaw 
Index 
Ratio, 
Rmax  
Week 
strain first 
recovers  
Index 
value  
Recovery  
Index 
Ratio, 
Rr 
 
 
87-
1622 
BCI 21 24 27 1.29 29 34 1.62 30 26 1.24  
 SDI 39  46 1.18  67 1.72  53 1.36  
 SI 81  96 1.19  122 1.51  99 1.22  
 PA  5.2  5.1 0.98  7.3 1.40  6.6 1.27  
Note: Values for index PA are in units of m2 x10-5 
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 An approach has been described by which site-specific index ratios could 
be determined for any site. Required are estimates of the nominal material 
properties, typical variation of surface or air temperature, and assumptions 
relative to the magnitude of frozen and thawed layer moduli.  Appendix O 
describes how this methodology could be implemented.  
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Chapter 5 Summary and Conclusions  
It was shown in Chapter 4 that FWD deflections can be used directly to 
evaluate the changes in pavement response during freezing and thawing. A 
combination of field measured Falling Weight Deflectometer test responses and 
the results from a layered elastic model were used to develop a procedure based 
on normalized FWD deflections to estimate the timing for the placement and 
lifting of load restrictions.   
This study was conducted to make recommendations for winter load 
increases and spring load restrictions. In order to do this previous methods and 
studies conducted have been analyzed. Also, present winter load increases 
(WLI) and spring load restrictions (SLR) implemented for several states were 
studied. Methods and reasoning around them were also studied in order to find a 
method to suit this study.  Several studies were analyzed in order to compare 
and modify placement and removal methods. Previous analyses include methods 
of frost depth measurement, temperature recording, FWD analyses, moisture 
content, and layered elastic modeling. The method most related to the study at 
hand would be Rutherford’s (1989) study, which used layered elastic modeling to 
predict removal dates for winter overloading.  This study is significant because it 
uses FWD data to model yearly pavement behavior rather than just modeling the 
behavior at critical periods.  Also significant is the fact that this study modeled a 
subsurface of numerous layers in order to effectively model gradual freezing and 
thawing cycles.  
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Normalized strain values measured for sites analyzed in the layered 
elastic model for the asphalt concrete and subgrade layers depicted critical and 
non-critical values during the spring thaw period. Critical indices are those index 
values or strain values that exceed the summer maximum value.  Table 11 lists 
the sites analyzed within the layered elastic model and their behavior as being 
critical (C) or non-critical (NC).  Only one site depicted a significant predicted 
thaw weakening response in AC strain.  However, seven of the eight sites 
analyzed in the layered elastic model depicted significant predicted thaw 
weakening responses in subgrade strain values.   
The results of this study will prove to be advancement in making 
recommendations for winter load increases and spring load restrictions.  This 
research is significant given that deflection basins as well as strain in the AC 
layer and subgrade were analyzed for a full year period.  Also in this study, a 
procedure was developed for which index ratios are determined directly from 
FWD deflections to better predict periods of freezing and thawing.  Additional 
field data is needed in order to sufficiently model AC behavior during critical thaw 
periods. With these additional studies and fieldwork, the procedures utilized 
within this study can be duplicated for a given AC pavement in order to predict 
freeze/thaw response. Local agencies could use this data in accordance with 
their previous work to aid in maintaining asphalt concrete pavement strength and 
lengthening pavement life. 
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Table 11 Spring Thaw Responses for Layered Elastic Model Sites 
Sites Layer thickness (in) AC / Base / Total 
Horiz. Strain, Bottom 
of AC Vert. Strain, Top of SG 
16-1010 10.9 / 5.4 / 16.3 NC C 
23-1026 6.4 / 17.6 / 24 NC C 
27-1018 4.4 / 5.2 / 9.6 C C 
27-1028 9.6 / NA / 9.6 NC NC 
27-6251 7.4 / 10.2 / 17.6 NC C 
30-8129 3.2 / 22.8 / 26 C C 
50-1002 8.5 / 25.8 / 34.3 NC C 
87-1622 5.7 / 6.7 / 12.4 NC C 
Critical (C) = Index values during the spring thaw period are critical 
Non-critical (NC) = Index values for spring thaw period are not critical 
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Appendix A 
 
Site List (Freeze & No-freeze) 
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Table A-1  Site List 
 
Site State Climatic Region 
1-0101 AL Wet No freeze 
4-0113 AZ Dry No freeze 
13-1031 GA Wet No freeze 
16-1010 ID Dry-freeze 
23-1026 ME Wet-freeze 
25-1002 MA Wet-freeze 
27-1018 MN Wet-freeze 
27-1028 MN Wet-freeze 
27-6251 MN Wet-freeze 
28-1802 MS Wet No freeze 
30-8129 MT Dry-freeze 
31-0114 NE Wet-freeze 
36-0801 NY Wet-freeze 
46-0804 SD Dry-freeze 
46-9187 SD Dry-freeze 
48-1122 TX Wet No freeze 
50-1002 VT Wet-freeze 
51-0113 VA Wet No freeze 
56-1007 WY Dry-freeze 
83-1801 MB Dry-freeze 
87-1622 ON Wet-freeze 
90-6405 SK Dry-freeze 
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Appendix B 
Comparison of Layered Elastic Modeling 
Burmister’s Analytical Approach/BISAR/WESLEA 
109
Burmister’s Analytical Approach/BISAR/WESLEA 
 Appendix B describes 3 different approaches to solving layered asphalt 
systems.  Burmister’s analytical approach will be compared to the BISAR 
computer model, and BISAR will also be compared to the WESLEA model. The 
two programs are very similar.  Within BISAR an infinite number of layers can be 
modeled, whereas WESLEA is limited to only five layers.  
Burmister’s Analytical Approach 
Burmister’s theory for a two-layered system was developed in 1943.  Two 
layered systems consist of a full depth pavement system where hot mixed 
asphalt is placed on top of subgrade material.  If more layers exist, they can be 
combined into the AC layer to obtain a two-layer system.  The Burmister model 
yields the vertical stress distribution (Burmister, 1958) and vertical surface 
deflections in two-layer systems.  Burmister’s vertical stress distribution 
demonstrates vertical stress changes based on a circular loaded area.     
The stresses in the Burmister two-layer system depend on the modulus 
ratio and thickness-radius ratio. Modulus ratio is the surface modulus verses the 
subgrade/base modulus, while the thickness-radius ratio base course or 
pavement layer verses radius. The vertical stress distribution behavior only 
considers systems where the surface layer and radius of contact are equal (ratio 
= 1).  Also modeled are vertical interface stresses in two layer systems (Huang, 
1969).   
Assumptions include:  
1. Layers are homogenous, isotropic and linearly elastic. 
110
2. Material is infinite in lateral extent. 
3. Surface layer has a finite thickness h, and the next layer is 
infinite. 
4. Uniform pressure q is applied to circular area with radius a. 
5. Continuity is considered at layer interfaces. 
BISAR 
The Bitumen Structure Analysis in Roads (BISAR) computer program is a 
layered, linear elastic modeling program that can be used to predict the 
deflections, strains, and stresses in asphalt concrete pavements. The z 
displacement is positive downward.  Tensile stress and strain are positive where 
compressive stresses and strains are negative.  Input data for the BISAR 
application include:  
• Number of layers 
• Young’s modulus  
• Poisson’s ratio 
• Thickness of each layer  
• Number of loads 
• Vertical & horizontal components of load 
• Radii of loads 
WESLEA 
WESLEA is a layered elastic solution of pavement response to wheel 
loads.  Wheel loads are implemented as uniformly distributed loads with circular 
111
contact.  This program utilizes four finite pavement layers on a semi-infinite half 
space.  The half space acts as a boundary.  To run the program you must specify 
layer thickness, elastic modulus, Poisson’s ratio, location, magnitude, and 
diameter of load, and location of up to 50 points where output will be yielded. 
As mentioned previously 50-point locations can be entered for analysis. 
The results will include normal stress, shear stress, normal strain, and 
displacements in the x-y-x directions.   The z displacement is positive downward.  
Tensile stress and strain are negative where compressive are positive.   
Burmister/BISAR Comparison 
Examples included for the Burmister analytical and BISAR model 
comparison are shown below along with their results. Example 1 was analyzed 
for subgrade vertical stress and Example 2 for surface deflection under applied 
load.  Results shown are very close in value.  
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Example 1: Find maximum vertical stress in subgrade 
 HMA elastic modulus = 500,000 psi 
 Subgrade elastic modulus = 5000 psi 
 Load = 9048 lb  
Radius = 6 in 
 HMA thickness, h = 5.2 in 
 Poisson’s ratio = 0.5 
Results: 
Table B-1 Example 1 Results 
Stress, psi   
Burmister BISAR 
8 8.23 
 
Example 2: Find surface deflection at applied load 
 HMA elastic modulus = 32,000 psi 
 Subgrade elastic modulus = 6400 psi 
Load = 20,000 lb 
 Radius = 6 in 
 HMA thickness, h = 8 in 
 Poisson’s ratio = 0.5 
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Results: 
Table B-2 Example 2 Results 
Deflection, 
in   
Burmister BISAR 
0.1 0.128 
 
  
WESLEA/BISAR Comparison 
Model comparison of BISAR and WESLEA are completely detailed in the 
following tables. Subsurface properties are shown in Table 1. Results of analysis 
from both programs are shown in Tables B-3 through B-6. Values within this 
comparison are also similar.  BISAR seems to be a good choice for modeling 
sites within this study.  Since compression and tension are measured oppositely 
for the two models, the sign (+/-) of all results are positive. 
Table B-3 WESLEA/BISAR Example Layer System 
Layer Thickness, in Modulus, psi Poisson's ratio 
1 2 250000 0.5 
2 2 10000 0.5 
3 5.4 10000 0.5 
4 10.2 10000 0.5 
5   10000 0.5 
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Table B-4 Vertical Deflection Results at Location (x,y,z) 
  
Vert. Displ. 
(in)   
      
Position Location x,y,z (in) BISAR WESLEA 
1 0,0,0 0.014 0.014 
2 8,0,0 0.012 0.012 
3 12,0,0 0.011 0.011 
4 18,0,0 0.009 0.009 
5 24,0,0 0.008 0.008 
6 36,0,0 0.007 0.007 
7 60,0,0 0.004 0.004 
 
Table B-5 Stress Results at Location (x,y,z) 
  Stress, psi     
  x  y  z  
Position Location x,y,z (in) BISAR WESLEA BISAR WESLEA BISAR WESLEA 
1 0,0,0 119 119.5 119 119.5 79.8 79.8 
2 8,0,0 29.4 29.4 32.2 32.2 0 0 
3 12,0,0 21 21 25.7 25.7 0 0 
4 18,0,0 10.9 10.9 17.3 17.3 0 0 
5 24,0,0 4.78 4.8 11.4 11.4 0 0 
6 36,0,0 0.738 0.7 4.84 4.8 0 0 
7 60,0,0 2.47 2.5 0.617 0.6 0 0 
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Table B-6 Strain Results at Location (x,y,z) 
  Strain, in/in     
  x  y  z  
Position Location x,y,z (in) BISAR WESLEA BISAR WESLEA BISAR WESLEA 
1 0,0,0 7.94E-05 7.94E-05 
7.94E-
05 7.94E-05 
1.59E-
04 1.59E-04 
2 8,0,0 5.33E-05 5.33E-05 
6.99E-
05 6.99E-05 
1.23E-
04 1.23E-04 
3 12,0,0 3.26E-05 3.26E-05 
6.09E-
05 6.09E-05 
9.34E-
05 9.34E-05 
4 18,0,0 9.18E-06 9.18E-06 
4.72E-
05 4.72E-05 
5.64E-
05 5.64E-05 
5 24,0,0 3.62E-06 3.62E-06 
3.59E-
05 3.59E-05 
3.23E-
05 3.23E-05 
6 36,0,0 1.26E-05 1.26E-05 
2.08E-
05 2.09E-05 
8.21E-
06 8.21E-06 
7 60,0,0 1.11E-05 1.11E-05 
7.41E-
06 7.41E-06 
3.71E-
06 3.71E-06 
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Figure C-1. Index D1524 at Site 01-0101 (Sandy Silt)
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Figure C-2. Index D1524 at Site 04-0113 (Well Graded Sand with Silt and Gravel)
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Figure C-3. Index D1524 at Site 13-1031 (Silty Sand)
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Figure C-4. Index D1524 at Site 16-1010 (Silty Sand)
0
10
20
30
40
50
60
70
80
90
0 90 180 270 360
Days Since October 1
D
1
5
2
4
,
 
m
i
c
r
o
n
s
1993
1994
1995
1996
1997
First FREEZE  (10/27)
First THAW (2/15)
Max FREEZE (3/31)
121
Figure C-5. Index D1524 at Site 23-1026 (Silty Sand with Gravel)
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Figure C-6. Index D1524 at Site 25-1002 (Poorly Graded Sand with Silt)
0
10
20
30
40
50
60
0 90 180 270 360
Days Since October 1
D
1
5
2
4
,
 
m
i
c
r
o
n
s
1993
1994
1995
1996
1997
123
Figure C-7. Index D1524 at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure C-8. Index D1524 at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure C-9. Index D1524 at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure C-10. Index D1524 at Site 28-1802 (Poorly Graded Sand)
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Figure C-11. Index D1524 at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure C-12. Index D1524 at Site 31-0114 (Silty Clay)
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Figure C-13. Index D1524 at Site 36-0801 (Silty Sand)
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Figure C-14. Index D1524 at Site 46-0804 (Silty Clay)
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Figure C-15. Index D1524 at Site 46-9187 (Lean Inorganic Clay)
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Figure C-16. Index D1524 at Site 48-1122 (Clayey Sand)
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Figure C-17. Index D1524 at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure C-18. Index D1524 at Site 51-0113 (Silt)
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Figure C-19. Index D1524 at Site 56-1007 (Silty Sand with Gravel)
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Figure C-20. Index D1524 at Site 83-1801 (Silty Sand)
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Figure C-21. Index D1524 at Site 87-1622 (Sandy Silt)
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Figure C-22. Index D1524 at Site 90-6405 (Silty Sand)
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Figure D-1. Index BCI at Site 01-0101 (Sandy Silt)
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Figure D-2. Index BCI at Site 04-0113 (Well Graded Sand with Silt and Gravel)
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Figure D-3. Index BCI at Site 13-1031 (Silty Sand)
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Figure D-4. Index BCI at Site 16-1010 (Silty Sand)
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Figure D-5. Index BCI at Site 23-1026 (Silty Sand with Gravel)
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Figure D-6. Index BCI at Site 25-1002 (Poorly Graded Sand with Silt)
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Figure D-7. Index BCI at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure D-8. Index BCI at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure D-9. Index BCI at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure D-10. Index BCI at Site 28-1802 (Poorly Graded Sand)
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Figure D-11. Index BCI at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure D-12. Index BCI at Site 31-0114 (Silty Clay)
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Figure D-13. Index BCI at Site 36-0801 (Silty Sand)
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Figure D-14. Index BCI at Site 46-0804 (Silty Clay)
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Figure D-15. Index BCI at Site 46-9187 (Lean Inorganic Clay)
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Figure D-16. Index BCI at Site 48-1122 (Clayey Sand)
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Figure D-17. Index BCI at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure D-18. Index BCI at Site 51-0113 (Silt)
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Figure D-19. Index BCI at Site 56-1007 (Silty Sand with Gravel)
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Figure D-20. Index BCI at Site 83-1801 (Silty Sand)
-10
0
10
20
30
40
50
60
70
80
0 90 180 270 360
Days Since October 1
B
C
I
 
(
D
6
1
0
-
D
9
1
4
)
,
 
m
i
c
r
o
n
s
1993
1994
1995
1997
2000
First FREEZE (10/21)
First THAW (3/17)
Max FREEZE  (4/11)
Full THAW  (7/14)
160
Figure D-21. Index BCI at Site 87-1622 (Sandy Silt)
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Figure D-22. Index BCI at Site 90-6405 (Silty Sand)
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Figure E-1. Index SI at Site 01-0101 (Sandy Silt)
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Figure E-2. Index SI at Site 04-0113 (Well Graded Sand with Silt and Gravel)
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Figure E-3. Index SI at Site 13-1031 (Silty Sand)
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Figure E-4. Index SI at Site 16-1010 (Silty Sand)
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Figure E-5. Index SI at Site 23-1026 (Silty Sand with Gravel)
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Figure E-6. Index SI at Site 25-1002 (Poorly Graded Sand with Silt)
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Figure E-7. Index SI at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure E-8. Index SI at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure E-9. Index SI at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure E-10. Index SI at Site 28-1802 (Poorly Graded Sand)
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Figure E-11. Index SI at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure E-12. Index SI at Site 31-0114 (Silty Clay)
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Figure E-13. Index SI at Site 36-0801 (Silty Sand)
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Figure E-14. Index SI at Site 46-0804 (Silty Clay)
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Figure E-15. Index SI at Site 46-9187 (Lean Inorganic Clay)
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Figure E-16. Index SI at Site 48-1122 (Clayey Sand)
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Figure E-17. Index SI at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure E-18. Index SI at Site 51-0113 (Silt)
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Figure E-19. Index SI at Site 56-1007 (Silty Sand with Gravel)
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Figure E-20. Index SI at Site 83-1801 (Silty Sand)
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Figure E-21. Index SI at Site 87-1622 (Sandy Silt)
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Figure E-22. Index SI at Site 90-6405 (Silty Sand)
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Appendix F 
LTPP Seasonal Variations of Index Subgrade Damage Index 
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Figure F-1. Index SDI at Site 01-0101 (Sandy Silt)
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Figure F-2. Index SDI at Site 04-0113 (Well Graded Sand with Silt and Gravel)
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Figure F-3. Index SDI at Site 13-1031 (Silty Sand)
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Figure F-4. Index SDI at Site 16-1010 (Silty Sand)
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Figure F-5. Index SDI at Site 23-1026 (Silty Sand with Gravel)
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Figure F-6. Index SDI at Site 25-1002 (Poorly Graded Sand with Silt)
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Figure F-7. Index SDI at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure F-8. Index SDI at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure F-9. Index SDI at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure F-10. Index SDI at Site 28-1802 (Poorly Graded Sand)
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Figure F-11. Index SDI at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure F-12. Index SDI at Site 31-0114 (Silty Clay)
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Figure F-13. Index SDI at Site 36-0801 (Silty Sand)
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Figure F-14. Index SDI at Site 46-0804 (Silty Clay)
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Figure F-15. Index SDI at Site 46-9187 (Lean Inorganic Clay)
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Figure F-16. Index SDI at Site 48-1122 (Clayey Sand)
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Figure F-17. Index SDI at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure F-18. Index SDI at Site 51-0113 (Silt)
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Figure F-19. Index SDI at Site 56-1007 (Silty Sand with Gravel)
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Figure F-20. Index SDI at Site 83-1801 (Silty Sand)
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Figure F-21. Index SDI at Site 87-1622 (Sandy Silt)
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Figure F-22. Index SDI at Site 90-6405 (Silty Sand)
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Appendix G 
LTPP Seasonal Variations of Index Partial Area 
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Figure G-1. Index PA at Site 01-0101 (Sandy Silt)
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Figure G-2. Index PA at Site 04-0113 (Well Graded Sand with Silt and Gravel)
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Figure G-3. Index PA at Site 13-1031 (Silty Sand)
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Figure G-4. Index PA at Site 16-1010 (Silty Sand)
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Figure G-5. Index PA at Site 23-1026 (Silt Sand with Gravel)
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Figure G-6. Index PA at Site 25-1002 (Poorly Graded Sand with Silt)
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Figure G-7. Index PA at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure G-8. Index PA at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure G-9. Index PA at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure G-10. Index PA at Site 28-1802 (Poorly Graded Sand)
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Figure G-11. Index PA at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure G-12. Index PA at Site 31-0114 (Silty Clay)
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Figure G-13. Index PA at Site 36-0801 (Silty Sand)
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Figure G-14. Index PA at Site 46-0804 (Silty Clay)
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Figure G-15. Index PA at Site 46-9187 (Lean Inorganic Clay)
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Figure G-16. Index PA at Site 48-1122 (Clayey Sand)
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Figure G-17. Index PA at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
0.00E+00
3.00E-11
6.00E-11
9.00E-11
0 90 180 270 360
Days Since October 1
P
a
r
t
i
a
l
 
A
r
e
a
,
 
m
2
1993
1994
1995
1996
1997
2000
First FREEZE (11/16)
First THAW (2/27)
Max FREEZE (4/6)
226
Figure G-18. Index PA at Site 51-0113 (Silt)
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Figure G-19. Index PA at Site 56-1007 (Silt Sand with Gravel)
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Figure G-20. Index PA at Site 83-1801 (Silty Sand)
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Figure G-21. Index PA at Site 87-1622 (Sandy Silt)
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Figure G-22. Index PA at Site 90-6405 (Silty Sand)
0.00E+00
1.00E-11
2.00E-11
3.00E-11
4.00E-11
5.00E-11
6.00E-11
7.00E-11
8.00E-11
0 90 180 270 360
Days Since October 1
P
a
r
t
i
a
l
 
A
r
e
a
,
 
m
2
1993
1994
1995
1997
231
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix H 
Predicted FWD Deflection Basins 
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Figure H-1. Deflection Basins at Site 16-1010 (Silty Sand)
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Figure H-2. Deflection Basins at Site 23-1026 (Silty Sand with Gravel)
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Figure H-3. Deflection Basins at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure H-4. Deflection Basins at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure H-5. Deflection Basins at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure H-6. Deflection Basins at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure H-7. Deflection Basins at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure H-8. Deflection Basins at Site 87-1622 (Sandy Silt)
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Appendix I 
Predicted Seasonal Variations of Index Base Curvature Index 
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Figure I-1. Index BCI at Site 16-1010 (Silty Sand)
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Figure I-2. Index BCI at Site 23-1026 (Silty Sand with Gravel)
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Figure I-3. Index BCI at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure I-4. Index BCI at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure I-5. Index BCI at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure I-6. Index BCI at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure I-7. Index BCI at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure I-8. Index BCI at Site 87-1622 (Sandy Silt)
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Figure J-1. Index SDI at Site 16-1010 (Silty Sand)
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Figure J-2. Index SDI at Site 23-1026 (Silty Sand with Gravel)
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Figure J-3. Index SDI at Site 27-1018 (Poorly Graded Sand with Silt)
0
10
20
30
40
50
60
70
80
90
100
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week Number Beginning With October 1
S
D
I
 
(
D
6
1
0
-
D
1
5
2
4
)
,
 
m
i
c
r
o
n
s
With Spring Thaw
Without Spring Thaw
First FREEZE
First THAW
Max FREEZE
Full THAW
253
Figure J-4. Index SDI at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure J-5. Index SDI at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure J-6. Index SDI at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure J-7. Index SDI at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure J-8. Index SDI at Site 87-1622 (Sandy Silt)
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Figure K-1. Index SI at Site 16-1010 (Silty Sand)
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Figure K-2. Index SI at Site 23-1026 (Silty Sand with Gravel)
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Figure K-3. Index SI at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure K-4. Index SI at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure K-5. Index SI at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure K-6. Index SI at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure K-7. Index SI at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure K-8. Index SI at Site 87-1622 (Sandy Silt)
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Figure L-1. Index PA at Site 16-1010 (Silty Sand)
0
0.00002
0.00004
0.00006
0.00008
0.0001
0.00012
0.00014
0.00016
0.00018
0.0002
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week Number Beginning With October 1
P
a
r
t
i
a
l
 
A
r
e
a
,
 
m
2
With Spring Thaw
Without Spring Thaw
First FREEZE
First THAW
Max FREEZE
Full THAW
269
Figure L-2. Index PA at Site 23-1026 (Silty Sand with Gravel)
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Figure L-3. Index PA at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure L-4. Index PA at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure L-5. Index PA at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure L-6. Index PA at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure L-7. Index PA at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure L-8. Index PA at Site 87-1622 (Silty Sand)
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Figure M-1. Normalized Horizontal AC Strain at Site 16-1010 (Silty Sand)
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Figure M-2. Normalized Horizontal AC Strain at Site 23-1026 (Silty Sand with Gravel)
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week Number Beginning With October 1
H
o
r
i
z
o
n
t
a
l
 
S
t
r
a
i
n
,
 
B
o
t
t
o
m
 
o
f
 
A
C
With Spring Thaw
Without Spring Thaw
First FREEZE
First THAW
Max FREEZE
Full THAW
279
Figure M-3. Normalized Horizontal AC Strain at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure M-4. Normalized Horizontal AC Strain at Site 27-1028 (Poorly Graded Sand with Silt)
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Figure M-5. Normalized Horizontal AC Strain at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure M-6. Normalized Horizontal AC Strain at Site 30-8129 (Poorly Graded Sand with Silt)
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Figure M-7. Normalized Horizontal AC Strain at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure M-8. Normalized Horizontal AC Strain at Site 87-1622 (Sandy Silt)
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Figure N-1. Normalized Vertical Subgrade Strain at Site 16-1010 (Silty Sand)
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Figure N-2. Normalized Vertical Subgrade Strain at Site 23-1026 (Silty Sand with Gravel)
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Figure N-3. Normalized Vertical Subgrade Strain at Site 27-1018 (Poorly Graded Sand with Silt)
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Figure N-4. Normalized Vertical Subgrade Strain at Site 27-1028 (Poorly Graded Sand with Silt)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week Number Beginning With October 1
V
e
r
t
i
c
a
l
 
S
t
r
a
i
n
,
 
T
o
p
 
o
f
 
S
S
With Spring Thaw
Without Spring Thaw
First FREEZE
First THAW
Max FREEZE
Full THAW
290
Figure N-5. Normalized Vertical Subgrade Strain at Site 27-6251 (Poorly Graded Sand with Silt)
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Figure N-6. Normalized Vertical Subgrade Strain at Site 30-8129 (Poorly Graded Sand with Silt)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Week Number Beginning With October 1
V
e
r
t
i
c
a
l
 
S
t
r
a
i
n
,
 
T
o
p
 
o
f
 
S
S
With Spring Thaw
Without Spring Thaw
First FREEZE
First THAW
Max FREEZE
Full THAW
292
Figure N-7. Normalized Vertical Subgrade Strain at Site 50-1002 (Poorly Graded Gravel with Silt and Sand)
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Figure N-8. Normalized Vertical Subgrade Strain at Site 87-1622 (Sandy Silt)
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Appendix O 
 
Procedure to Detect Thaw Weakening 
 
  295
  
This appendix restates the methods imposed in Chapter 4.  Suggested dates to 
permit overload allowances and load restrictions are recommended within the 
procedure. The methodology described in the previous chapter can be 
implemented on a site-by-site basis in accordance with the following steps 
recommended by Drumm and Meier (2003): 
 
I. Identification of pavement monitoring locations and preliminary data 
collection. 
A. Identify the monitoring stations for which the subgrade and 
moisture conditions are representative of the area of concern and 
are likely to serve as good indicators of thaw weakening for the 
pavement. These may be areas that have been subject to thaw 
weakening distress in the past. 
B. Estimate the pavement layer thickness or obtain representative 
pavement cores 
C. Determine the typical maximum freeze depth at the site from a 
freeze depth model  
D. For each station, mark or paint a specific “spot” on the pavement 
such that all subsequent FWD test drops can strike the same 
location on the pavement. Choose a drop spot free of significant 
cracking or distress and away from any repaired pavement core 
holes. 
    
 
II.  Development of layered elastic model of pavement system 
A. Identify a layered elastic computer code such as BISAR, and create 
a model for the pavement based on the layer thickness determined 
in the field. 
B. Divide the subgrade into several sublayers with a total depth equal 
to the typical depth of freeze determined for the site. These layers 
will be above an elastic half-space.  
C. Identify nominal properties for each of the pavement layers, either 
based on values from the literature or if available, backcalculated 
values from FWD testing. The actual values chosen may not be 
critical since the relative change in response is what is of interest.  
D. Choose freeze and thaw factors to apply to the nominal material 
properties. In this study, a factor of 2 was applied during freeze and 
a factor of 0.5 was applied during thaw. 
E. Identify AC modulus values corresponding to the nominal 
conditions, freeze conditions, and at the maximum anticipated 
summer temperature. 
296
  
F. Conduct a series of analysis cases, similar to that in Table 6, to 
represent the conditions throughout the year. All 52 steps are not 
required.  At least the following 9 steps or analyses are 
recommended:  
1. Nominal or fall conditions (1 step)  
2. Full Freeze for full depth of subgrade (1 step) 
3. Spring thaw, considering several steps as the base and 
subgrade thaw progressively from the top down (at least 3 
steps)    
4. Recovery, considering several steps as the base and 
subgrade recover to nominal conditions (at least 3 steps)  
5. Summer corresponding to the highest temperature and 
greatest critical strains (1 step) 
 
Obtain analysis output for the horizontal tensile strain at the 
bottom of the AC layer, the vertical strain at the top of the soil 
subgrade, and the pavement surface deflections corresponding to 
the locations of the FWD sensors 
 
III.  Analysis of results from layered elastic model of pavement system 
A. Create graphs similar to that shown schematically in Figure O-1 for 
the variation of the computed tensile strain at the bottom of the AC 
layer and compressive strain at the top of the subgrade. Normalize 
the strains relative to the nominal values. 
B. From the analysis results or the graphs, determine the threshold 
value of strain corresponding to the highest anticipated temperature 
that may exist in the summer. Thaw strains below this threshold 
value are assumed not to be detrimental to the pavement.  
C. If the analysis produces strains greater than the threshold strains, 
identify the analysis steps corresponding to the greatest thaw strain 
below the threshold value, and the greatest recovery strain below 
the threshold value as depicted in Figure O-1. Alternatively, identify 
the analysis step at which the threshold strain is first exceeded. If 
all the computed strains are below the threshold value, identify the 
analysis steps for which the strains are at a maximum. 
D. From the surface deflections computed in the model, determine the 
value of the FWD indices for the nominal conditions, and the 
indices for the thaw and recovery threshold analysis steps or 
maximum strain step identified above. Normalize the index values 
with respect to the nominal values to determine the Thaw Index 
Ratio, Rt and the Recovery Index Ratio, Rr, or if the threshold 
strains were not exceeded in the analysis, the Maximum Index 
Ratio, Rmaxr. It may be helpful to create graphs similar to that shown 
schematically in Figure O-2 for the variation of the normalized 
indices over time. 
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IV.   Measurement of pavement response with FWD during nominal or 
fall conditions 
A. Conduct FWD testing during the fall at the “marked” location. 
Obtain results at multiple drop heights, and use data at the drop 
heights that produce contact pressures closest to 80 psi (550 kPa). 
B. Determine nominal values for the FWD deflection indices BCI, SDI, 
SI and PA. 
 
V.   Measurement of pavement response with FWD during freeze 
A. As the freezing index, FI, approaches the anticipated annual 
maximum value, perform FWD testing. Test at the “marked” 
location and at multiple drop heights, and use data at the drop 
heights that produce contact pressures closest to 80 psi (550 kPa).  
This testing is important only in that it will establish the lower bound 
of the FWD indices and assure that the values obtained during 
thaw reflect decreased capacity. 
B. Obtain the minimum values of the FWD indices, which should have 
values less than 1.0, as depicted by Point A in the schematic 
shown in Figure O-3. 
 
VI.  Measurement of pavement response with FWD during the 
anticipated thaw period 
A. Supported by calculation of the Thawing Index, TI, conduct FWD 
testing as soon as possible after measurable thaw has occurred. 
Test at the “marked” location and at multiple drop heights, and use 
data at the drop heights that produce contact pressures closest to 
80 psi (550 kPa). 
B. Immediately compute the normalized FWD indices to detect any 
increase from that measured during the known freeze period. 
C. Compare the normalized FWD indices with the Thaw Index Ratio, 
Rt.  
1. Provided normalized FWD index is less than Thaw Index 
Ratio for all indices, the pavement should still have adequate 
capacity. This condition is depicted by Point B in Figure O-3   
2. If the value of the normalized FWD index approaches Rt, 
such as Point C in Figure O-3, institute load restrictions 
D. If the threshold strains were not exceeded in the analysis (a Thaw 
Index Ratio was not determined for the site), compare the 
normalized FWD indices with the Maximum Index Ratio 
1. Provided normalized FWD index is less than Maximum Index 
Ratio for all indices, the pavement should still have adequate 
capacity. This case is depicted by Point D in Figure O-3  
2. If the value of the normalized FWD index exceeds Rmaxr, 
such as Point E, monitor the site closely to make sure the 
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pavement does not have a significant loss of capacity. 
Notable distress would indicate that the pavement model 
used for the site did not reflect the actual field conditions, 
since the observed deflection indices were larger than those 
obtained with the model. 
 
VII.  Measurement of pavement response with FWD during the 
anticipated recovery period 
A. Repeat the FWD testing during the load restriction period until the 
normalized deflection indices begin to show a decrease indicating 
that recovery has begun.  
B. Compare the normalized FWD indices with the Recovery Index 
Ratio, Rr.  
1. If the normalized FWD index is greater than the Recovery 
Index Ratio for all indices, such as that depicted by Point F, 
the load restrictions should remain in place. 
2. If the value of the normalized FWD index drops below Rr as 
reflected by Point G, lift the load restrictions. 
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Figure O-1. Variation of Computed Normalized Strain Versus Time or Analysis 
Step 
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Figure O-2. Normalized FWD Indices at Analysis Steps Corresponding to the 
Threshold Strains 
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Figure O-3. FWD Indices From Field-Testing to Determine the Timing of Load 
Restrictions 
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